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L' troscopy (ISS) measurements were done by W. L. Harrington, secondary-ion
mass spectrometry (SIMS) measurements by C. W. Magee, and x-ray photo-
electron spectroscopy (XPS) measurements by J. H. Thomas III, all of
& RCA Laboratories. Device processing and radiation testing were per-

formed with the assistance of R. W. Snedeker and F. A. Taft, Jr.
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1. INTRODUCTION

This report describes the results of radiation effect studies
on wet- and dry-grown thermal Si()2 MOS oxides. These oxides were grown
at RCA Laboratories in dedicated radiation-hardened wafer fabrication
furnaces for use in this study as well as in other studies carried out
by Harry Diamond and Jet Propulsion Laboratories. The purpose of all
these studies was to learn more about the nature of the radiation

damage mechanisms in thermal Si0, MOS devices by the use of identical

2
samples fabricated by a single supplier. Both electrical and chemical

measurements were carried out on these samples. Because chemical
analysis of oxides is not nearly as sensitive as electrical measure-
ments for detecting species with the densities of typical hole-traps in
hard oxides, oxides were grown deliberately hard and soft for both wet~-
and dry-oxide types. Oxidized wafers were not metallized for chemical
analysis. For electrical analysis, MOS capacitors were formed by
evaporation of aluminum. Although many of the radiation-hardened
device processes are now based exclusively on polysilicon-gate tech-

nology, no polysilicon-gate devices were studied. A broad foundation of

fundamental research in radiation-hardened oxides exists for aluminum-
gate structures, whereas very little has been done for polysilicon-gate
devices.

The principal electrical measurements described here are
thermally stimulated current (TSC) measurements of irradiated MOS capac-
itors. These measurements were designed to reveal the thermal "signa-
ture'" of trapped holes in the various fabricated oxides. The assumption
is that since the radiation response of hard and soft oxides is so

significantly different, the thermal detrapping of these holes might

reveal something about the nature of the hold traps themselves. The

chemical analysis experiments were designed to measure differences in

: - the stoichiometry, chemical bonding, and impurity profiles of the vari-

ous oxides. Here we used tools such as ion-scattering spectrometry

(ISS) to measure stoichiometry, x~ray photoelectron spectroscopy (XPS)
to measure chemical bonding, and secondary-ion mass spectrometry (SIMS)

to measure impurity profiles.

i
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Section 2 describes the preparation of the samples and sum-
marizes the pertinent fabrication and radiation data for cross referenc-
ing in reading of the report. Section 3 explains briefly the electrical
measurement techniques used to characterize these samples, going into
more detail for the more unconventional ones. A comparison of irradia-
tion techniques with respect to absorbed dose and dose rate is also
given. Section 4 describes the preirradiation measurements we made on
these samples, especially the characterization of slow trapping and the
mobile ions some of them contain. Section 5 details the postirradiation
electrical measurements, especially TSC measurements of the wet oxides,
which provided some very interesting information. Section 6 presents
the analytical measurements we made to analyze these oxides and the
conclusions that we arrived at concerning the chemical nature of the
oxides as it relates to hole trapping and radiation hardness. Section

7 presents a summary and some general conclusions.

2. SAMPLE PREPARATION

All samples used in this study were fabricated from Monsanto
2-in.-diameter Czochralski-grown (100) silicon wafers, with n-and p-type
doping of 5- to 10-Q-cm resistivity. Before oxidation, wafers to be
used in vacuum ultraviolet (VUV) irradiation experiments, and therefore

. . + + . .
not mounted on TO-5 headers, received either n or p diffusion on the

back surface of the wafer to facilitate the fabrication of ohmic back
contacts. These diffusions were done by a doped-oxide process in
which the front surface of the wafer is covered by a deposited oxide to
mask it from the diffusion. After doped-glass deposition the dopant is
driven in at 1050°C and the glass is removed. Before oxidation all 3
wafers received a standard cleaning treatment which consists of a f
hydrofluoric acid dip followed by cleaning in an organic-impurity ;
removal solution (NHAOH, HZOZ’ and H20) and a metallic-impurity removal i
solution (HC1, HZOZ’ and HZO)' Wafers were rinsed to 15-MQ resistivity i

in deionized water, rinsed in hot distilled water, and then dried in

hot clean air.




—— e - R
'
E 2.1 Wet Oxides
H Wet oxidation was done by the so-called pyrogenic

process whereby hydrogen is burned in the presence of oxygen inside a
furnace tube to create water. This technique has the advantages of
being easy to control and of not compromising the purity of the aqueous
product by impurities leached from heated quartz vessels as occur in
steam oxidation. As a standard procedure for both wet and dry oxidation,
the furnace tube is cleaned overnight in an azeotropic HCl steam solu-
tion. The tube is then purged with dry oxygen for 2 hours before oxida-
tion begins. All oxidations were done in a 3-in.-diameter polysilicon
furnace tube contained within a silicon carbide liner.

Deciding on a particular oxidation procedure to follow
for growing hard and soft oxides was mainly a matter of using what is
generally accepted as a "hardened-oxide process'" for the hard oxides
and modifying the oxidation or anneal temperature to produce a soft
oxide.

Although this study assumes that we do not yet know
why a particular oxide is hard, there are some generally accepted
notions as to how hardened oxides can be fabricated. Some of the early

hard-oxide work, particularly that done by Aubuchon,1 followed the rule

that oxides will be hard if they are grown in dry O2 at about 1000°C in

HCl-precleaned furnace tubes. Other studies have confirmed this strong

1

temperature dependence, although we have shown that it is not as

strong as it was thought to be.4 The dry-oxide samples grown for this

study again support this viewpoint. Thus we see that both impurities

'K. Aubuchon, IEEE Trans. Nucl. Sci. NS-18, 117 (1971).

2G. Derbenwick and B. Gregory, IEEE Trans. Nucl. Sci. N§-22, 2151

(1975).

3G. W. Hughes and R. J. Powell, "Radiation and Charge Transport in

SiOz,” Final Report prepared under Contract N0O0014-74-C-0185 for Office
of Naval Research, May 1976.

AG. W. Hughes, "Radiation and Charge Transport in SiO,," Final Report

prepared under Contract NOOOA-74-C-0185 for Office of Naval Research,
Feb. 1977.
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and oxidation kinetics are thought to play a role in radiation
hardening.

Because of the requirements of both factory production
and the low-leakage current in silicon-on-sapphire (S0S) technology, a
radiation-hardened wet-oxidation process was developed throughout the
industry. At RCA this process has evolved to the '"recipe" shown in
table 1. This yields an oxide of approximately 650-8 thickness. The
effectiveness of an added in situ dry-oxidation step is a matter of
controversy. However, it probably does not hurt the radiation hard-
ness of the oxide and will most likely remain in the process for some
time to come.

In an investigation of this sort one would like to have
a high degree of control over the process. However, although we be-
lieve that impurities may play a role in radiation hardening, they are
not completely under our control. We can, however, control the oxida-
tion and annealing kinetics, and if they do have a first-order effect
on radiation hardening we will be able to produce hardened and soft

oxides by varying the oxidation and anneal conditions.
TABLE 1. SUMMARY OF FABRICATION PROCEDURES FOR WET-OXIDE PROCESS

Type of oxide

Hardened Soft
Procedure wet wet
900°C, 45 min

Pyrogenic steam 900°C, 45 min

Oxidation
(2 L/min 02, 1.2 L/min H2)
Dry oxidation 900°C 1in situ, 900°C in situ,
30 min 30 min
Nitrogen annzal 900°C in situ, 1150°C,
30 min 30 min
Metallization and 15 min 15 min

450°C sinter (forming
gas or nitrogen)

14
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For wet oxides it has been observed that high-tempera-
ture anneals produce soft oxides. We have grown soft wet oxides for
this investigation by changing the anneal temperature in the wet-oxide

process from 900 to 1150°C. This process is also shown in table 1.

2.2 Dry Oxides

Hardened dry oxides were grown in a polysilicon furnace
tube at 1000°C with no subsequent anneal. This is the commonly accepted
method of producing radiation~hardened dry Si02. Table 2 summarizes the

oxidation process used to make both the hard and the soft dry SiOz.

TABLE 2. SUMMARY OF FABRICATION PROCEDURES FOR DRY-OXIDE PROCESS |
Type of oxide

Hardened Soft
Procedure dry dry
Dry oxidation 1000°C, 110 min 1150°C, 15 min
L No anneal -- --
Metallization and 450°C sinter 15 min 15 min

(forming gas or nitrogen)

Again, since it is widely believed that oxidation kinetics have a first-

order effect on hardness, we tried to grow soft dry oxides by oxidizing

at 1150°C. As the radiation data in table 3 (see section 2.3) show, the
oxides thus obtained were not nearly as soft as anticipated; this
confirmed our earlier observations on the lack of a strong temperature

dependence of the radiation tolerance of dry Si02.

2.3 Metallization

MOS capacitors employed in these experiments were of

oW

two types. Thick-metal capacitors mounted on gold-plated TO-5 headers '
j ; were used for high-energy irradiation experiments. Thin-metal capaci- !
E | tors in wafer form were used for VUV experiments. All metallization
- was provided by an induction-heated crucible, a source that has been

established as low in alkaline impurities and tree from radiation.

b 15
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Thick-metal capacitors were tormed by the photolitho-
graphic definition of 12,000 R of aluminum (Al) into C.040-in. dots.,

The back surface of the water was etched tree of 5i0,. After sintering,
the individual capacitors were diced into pellets ana then mounted with
a gold eutectic on the gold-plated T0-5 headers at 400°C in forming gas.
For n-type silicon, a Au/Si/Sh eutectic was used to dope the pellet
backside for good ohmic contacts; tor p-type silicon, a Au/Si eutectic
provided the necessary ohmic contact.

Thin-metal capacitors were formed by evaporating 20 Q/0
of Al through a Be-Cu shadow mask to torm 0.040-in.-diameter MOS dots
approximately 100-200 % thick. The back surface of these wafers (which
contained either r1+ or p+ diffusions) was previously etched tree of
SiO2 and then metallized completely with 12,000 R of AL. All wafers,
both thick- and thin-metal capacitor types, were sintered at 450°C for
15 min in either a forming gas or nitrogen ambient. This is specified
in table 3.

The use of a forming gas sinter has been variously de-
scribed as both a cause and a cure for the many problems that beset MOS
devices. Specifically, it has been said to be beneficial inr reducing

3

the density of interface states in MOS devires.S However, it has

also been accured of increasing the severity of the so-called "slow-
trapping" instability in MOS devices.7 The samples we have fabricated
for this study were exposed to either a forming gas sinter or a
nitrogen sinter (see table 3). Most of the data reported here refer

to samples fabricated with a forming gas sinter. Some of these samples
do have a2 severe slow-trapping instability problem. However, since this
is limited exclusively to thin-metal capacitors, it appears to Le more

a function of external impurities than of sintering ambinet. This is

discussed in more detail in section 4.1.

B. E. Deal, J. Electrochem. Soc. 121{6), 198C (1974).

5
6B. E. Deal, '"Charge Effects and Other Properties of the Si/SiO2 Inter-

face: The Current Understanding," Proc. Third Int. Symp. Silicon Mate-
rials Science and Technol. 1977, p. 276.

7A. K. Sinha and T. E. Smith, Solid-State Electron. 21(3), 531 (1978).
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TABLE 3. WAFER FABRICATION AND RADIATION DATA
DRY-OXIDE WAFERS

AVFB(volts) at 106 rad

Lot Wafers with Oxide
__no. Hardened Soft Sinter thin metal thickness
12067 (n) 3.4 -- N2 c,D 804
12067 (p) 2.7 -- N2 H,I
12167(n) 2.0 -- N2 E,F 745
12167(p) ? -- N2 Q,R
01268(n) --- ? N2 c,D 739
01268(p) - ? N2 1,J
05258(n) 2.0 -- N2 A,B 670
05258(p) ? --

05268(n) --- 3.0 N2 A,B 696
05268(p) --- 6.0 N2

11088(n) 2.8 -~ FG H,I 716
11088(p) ? -~ FG L,M

11168(n) --- 3.6 FG H,I 687
11168(p) -——- ? FG L,M

WET-OXIDE WAFERS

03068-A-D(n) 2.8 -- N2 None 907
03068K(p) 5.4 -- N2 None

03068F-J(n) - 41 N2 None 953
03068L(p) --- 26 N2 None

17
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TABLE 3. WAFER FABRICATION AND RADIATION DATA (Continued)

6
AVFB(voltslj?Prlq rad

Lot ' ' Wafers with Oxide
no. Hardened Soft  Sinter  thin metal  thickness
04118(n) 3.0 0- N, D,E 850
04118(p) ? -- N, K,L
04138(n) - 34 N, D,E 912
04138(p) --- ? N, K,L
06128 (n) 1.2 -- FG H,I 653
06128(p) 2.5 -- FG K,L
06168(n) - 34 FG H,I 665
6168 (p) - ? FG K,L

2.4 Summary of Fabrication and Radiation Data

Table 3 is a tabulation of all of the oxide lots produced
for this study. Included in this list is the lot number; the flatband
shift after a 106-rad dose of 1-MeV electrons; the sample type tested

(n or p); the sintering ambient, N_, or forming gas (FG); the letter

identifiers for this thin—metal-caiacitor wafers; and the oxide thickness.
The radiation data are for 1-MeV electrons at a dose rate of 104 rad/s.
These flatband voltage shifts should be "derated" by a multiplying fac-
tor of about 0.6 to estimate the test results in a typical 60Co source
with a dose rate of 250 rad/s. The wafer number consists of five

digits followed by a letter (the thin-metal capacitors are identified

by the letters shown in table 3). The number is essentially the date

of fabrication. For example, sample 06128H(n) is an n-type wafer with

semitransparent thin-metal capacitors fabricated on June 12, 1978.
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3. ELECTRICAL MEASUREMENT TECHNIQUES

Electrical measurements performed on these samples consisted
of standard 1-MHz high-frequency capacitance-voltage (HFCV) measure-
ments, quasi-static capacitance-voltage (QSCV) measurements, triangular
voltage sweep (TVS) measurements (really QSCV measurements at elevated
temperatures), and thermally stimulated current (TSC) measurements.

As both HFCV and QSCV measurements are familiar to most workers in the

b

MOS physics area, we will not dwell on them here.

3.1 Triangular Voltage Sweep (TVS)

TVS measurements are used to measure the motion of mobile
ions in MOS capacitors, but there is some disagreement as to how they

should be interpreted.lo’11

The basic measurement scheme and typical
results are shown in figure 1. The measurement consists of raising an
MOS capacitor to an elevated temperature (typically 250-300°C) and sweep-
ing a voltage on the gate at a constant rate a. As shown in the figure,

the current through the capacitor is plotted as a function of gate volt-

age. When no mobile ions are present, the current will follow the dashed
portion shown in the region around zero bias. This is the QSCV curve

at this particular temperature. In the presence of mobile ions, if the
sweep rate o is low enough for the ions to be in quasi-thermal equilib-

rium, the mobile ion density QM has been shown to be

) )
o= L S nma - J 1 e 1)

o
) )

where IT(V) is the total current measured and Ic(v), the current
measured due to the MOS capacitance.10 The ion density is, there-

fore, proportional to the area between the two curves, shown by the

e B

shaded area in figure 1.

. 98. R. Hofstein and G. Warfield, Solid-State Electron. 8, 321, (1965).
1OM. Kuhn, Solid-State Electron. 13, 873 (1970).
IIM' Kuhn and D. J. Silversmith, J. Electrochem. Soc. 118(6), 966 (1971).
N. J. Chou, J. Electrochem. Soc. 118(4), 601 (1971).
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Figure 1. CV and TVS measurements on sample 06168L. éf;

Initial CV curve; (b) CV curve after @
sweep; (c) CV curve after » sweep;
(d) TVS curve: o = 0.1 V/s, T = 300°C. Total
mobile-ion concentration le1 = 1.8 x 1011 cmz.
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Kuhn has argued that this technique is more accurate than
the conventional method of measuring CV shifts after bias-temperature
stressing because it is largely independent of MOS oxide charge and
interface states.lo However, there are several caveats to be observed
if this is to hold true. One is that the ions must be in quasi-equilib-
rium during the sweep. This requires low voltage-sweep rates and/or
high temperatures. Derbenwick, however, has shown that potassium is an

important mobile ion in S§i0, which is not in quasi-equilibrium under

the conditions normally usej to measure sodium conLamination.12 A
second warning is that the temperature must not be so high that elec-
trode reactions become important. Chou believes that this may take
place at and above 350°C ‘n SiOZ/Al Capacitors.]] (Derbenwick, on the
other hand, claims that the phenomenon observed by Chou might actually
have been potassium motion, and that electrode reactions are not really
important at this temperature.lz) To this list we must add a third:
that there must be no charge injection or detrapping occurring during
the portion of the voltage sweep where mobile ions are contributing to
the current.

At temperatures above 350°C and positive bias a signifi-
cant dc leakage current exists in the thin MOS capacitors we measured,
an effect that we believe to be caused by the Fowler-Nordheim tunneling
of electrons from the silicon to the SiOZ. This is evident in figure 1

for VG > 6 volts. However, as shown here as well, the leakage is

negligible for V, < 2 volts, the region where ion current becomes

significant. Thg problem of injection or detrapping is important in
our irradiated samples, since there can be trapped holes and/or

slow-trapping states capable of contributing to the measured current.
This will be discussed in section 5, in connection with TVS measure-

ments on irradiated devices.

3.2 Thermally Stimulated Currents (TSC)

The technique of using thermally stimulated current and

thermally stimulated luminescence (or thermoluminescerce) has been

12G. F. Derbenwick, J. Appl. Phys. 48(3), 1127 (1977).
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applied for years to the study of the trapping levels of electrons in

insulators. However, the theory of TSC was originally developed for only
a few very simple cases involving discrete trapping levels. A general
treatment involving traps that are arbitrarily distributed throughout
the bandgap of the insulator was not amenable to analytical solution.
Consequently, in most of the early work, it was difficult to correlate_

theory with experiment.13

In recent years Simmons has shown that most
of these problems could be eliminated if analysis and experiment were

confined to high-field conditions in the insulator so that electrons and

holes could not recombine.la In fact Simmons and coauthors have shown
that under high-field conditions the shape of the TSC characteristics is

a direct image of the energy distribution of occupied traps in the

insulator bandgap. Because the insulators have a high dielectric
strength and are relatively thin, high-field conditions are easily met

in MOS devices. The one flaw in Simmons's technique is that it cannot

distinguish between trapped electrons and holes. As the temperature is %
raised, holes trapped near the valence band will be emitted at the same
temperature as those electrons that are trapped at an equal energy be-
low the conduction band. Thus the electron and hold trap spectra will
be superimposed upon one another. Fortunately, for irradiated SiO

2
we are fairly confident that holes have a much larger capture cross

section than have electrons and thus are trapped in substantially
greater numbers.lS-17 Any TSC spectra measured after irradiation
should consist ideally of only detrapped holes. In practice the

presence of mobile ions and/or a slow-trapping instability adds

}29. Kelley and P. Braunlick, Phys. Rev. B 1, 1587 (1970).

J. G. Simmons, G. W. Taylor, and M. C. Tam, Phys. Rev. B 7(8),
3714 (1973).
D. J. DiMaria, in The Physics of SiQ2 and Tts Interfaces, ed. by

S. T. Pantelides (Pergamon Press, New York, 1978), p. 160.
G. W. Hughes, '"Radiation Effects on the Electrical Properties of MOS
Device Materials,"” Final Rept. Prepared under Contract DAAG39-76-C-0088
for Defense Nuclear Agency, Feb. 1978.

R. J. Powell and G. F. Derbenwick, IEEE Trans. Nucl. Sci. NS-18(6),

10 (1971).
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additional components of current that must be dealt with. This
will be discussed in section 3.3.

The theory of high-tield TSC has been well developed by
Simmons and coworkers and will not be reported here.14 Their results
assume both holes and electrons trapped uniformly throughout the insu-
lator. For the case in which we are interested, only holes are trapped,
and we will assume that all of them are trapped very close to the
Si/SiO2 interface. (This location asymmetry has been verified by several

17,18
)

The basic technique of TSC measurement is illustrated

etch-off experiments.
in figure 2. A constant bias is applied to the MOS sample to establish

high-field conditions at room temperature. The sample is then heated

at a constant rate B so that the sample temperature is given by

T = + T
F= Bt + T (2)
where T0 is the starting temperature sweep rate and t is time. The
¢
3
B
I3

current measured is then plotted as a function of temperature and
yields some spectrum perhaps like that shown in the figure. For
trapped holes at the Si/SiO2 interface the spectrum is a direct map of
the density of trapped holes Np(E) as a function of energy, if the fol-

) . 14
lowing conversions are used

. where Jp is the measured hold-current density, q is the electronic

charge, L is the oxide thickness, B is the sweep rate,

4 0.018
) -

- b . =4 v . -
D = (2.30 x10 1og10 8 + 3.84x10 e (4)

’ 18R. J. Powell and G. W. Hughes, ""‘'adiation and Charge Transport in f
SiOZ, " Final Rept. prepared under Contract NOOO14-74-C-0185 for U
Office of Naval Research, 31 Jan. 1975. ;
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Figure 2. Thermally stimulated current (TSC) measurement
technique. (a) Schematic of TSC apparatus;
(b) typical current-vs-temperature plot for
linear temperature sweep.

and

AE = E -E = T(1.92x10'4 3.2x1o'“) - 0.015. (5)

lo v
tp v 10 B

Here v represents the attempt to escape frequency, which typically is
between 1010 and 1012, and Et and EV are the hole-trap energy and

SiO2 valence band energy, resgectively. Because AE does not strongly
depend on v, the value assumed for v is not significant. However, it
can be estimated more closely by producing spectra at two different
sweep rates, Bl and 82, and measuring the temperature, at say T1 and
T2’ at which some prominent peaks in the spectra appear. Then v can be

determined from the expression
v =10 (6)

where

y = [(T, log B, = T, log B0/ (T, = T )] - 1.66 (7) |
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3.3 lIrradiation Conditions

k All samples were irradiated either with I-MeV electrons
‘ in a van de Graaff acccelerator or with 10.2-eV VUV photons in a VUV
spectrometer. Only samples with semitransparent Al electrodes approxi-
mately 100- to 200-8 thick were exposed to VUV irradiation. This al-

{ lowed a large percentage of the VUV photons to impinge upon the SiO2

L while a bias was being applied. Photons of energy greater than 8.0 eV
| provide a useful tool for examination of the hole-trapping phenomenon
in SiOz, since they are strongly absorbed. Powell has measured the

optical absorption in unsuppported Si0, films grown on silicon and

2

found a bandgap of 8.0 * 0.2 eV and an optical absorption coefficient
- C

at 10.2 eV of 1.05x10° cm™1.' Thus, for a 650-8 film only about 1% of

' the photons that enter the oxide reach the silicon interface. This

strong absorption allows selective transport of either electrons or

! holes, depending upon the bias during irradiation. The experimental

arrangement for VUV irradiation is shown in figure 3.

_ 6
ah L
i1}
MOS COLLECTOR
SAMPLE APERTURE
. g
4
. SPECTROMETER
EXIT SLIT

hw=102eV

] !
[ I ;
. CHAMBER
WAL L

Ve '
Figure 3. Experimental arrangement used for VUV irradiation.

lgR. J. Powell and M. Morad, J. Appl. Phys. 49(4), 2499 (1978).
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For data taken trom samples 1rradiated with VUV irradia-
tion, it is useftul to relate the photon fluence to an equivalent dose
tfrom 1-MeV electron irradiation. Because the VUV irradiation is almost
totally absorbed whereas 1-MeV electrons lose very little of their
energy in 650 R of Si02, it is meaningless to compare dose delivered to
the surface in each case. These measurements would be meaningful only

if the Si0O, thickness had been much greater than the extrapolated range

of 1-MeV e%ectrons.

We are interested in comparing primarily "dose" in terms
of equivalent numbers of hole-electron pairs generated. We have found
that at typical photon fluences of 3x101] s_lcm-2 a total dose of ]()6
rad is delivered in approximately 200 5.16 This is equal to a dose
rate of 5000 rad/s, about half of the dose rate used for 1-MeV electron
irradiation but considerably larger than typical 60Co dose rates of 250

rad/s.

4. PREIRRADIATION MEASUREMENTS

As discussed in section 2.3, the waters were metallized either
with 12x103 & of Al for chips that were to be mounted on headers or
with approximately 100-200 R Al for wafers that were to be irradiated
with VUV. These differences in metallization, it appears, were respon-
sible for large differences in the preirradiation behavior of these
oxides, even though they did not significantly influence radiation
hardness.

Most of the wet-oxide wafers from pyrogenic oxide lots 06168

and 06128 contain significant levels of mobile ions, and in some cases

the thin-metal wafers have a slow-trapping instabi]ity.zo We do not ﬁ
believe the slow-trapping instability to be related to the mobile-ion 4
levels in the oxide, because it occurs only in the thin-metallization i
wafers. The cause of the higher mobile-ion contamination in the wet- f
oxide wafers is not known; it should be noted, however, that it appar- I

|

ently does not affect the radiation hardness adversely (see table 3).

205 y. Nicollian, J. Vac. Sci. Technol. 14(5), 1112 (1977).
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The wafers studied in greatest depth were those that had a forming

gas (FG) sinter step in the process. It has been claimed in the
literature that a forming gas Al sinter actually exacerbates the
slow-trapping problem.7 We are not convinced of this; in fact we have
seen it do just the opposite in samples with thin metallization. For
lots 06168 and 06128, although both had an FG sinter, none of the
thick~-dot capacitors measured had a slow-trapping instability. There
is also some evidence that organic contaminants can enhance slow-
trapping instabilities.21 Since all the samples were stored after
fabrication in individual plastic boxes believed to be made of
polymethyl methacrylate, the organic vapors in these boxes may very
well have diffused through the thin dots, but not the thick ones. This

also could have created the instabilities we have seen.

4.1 Slow-Trapping or Negative-Rias Instability

Slow-trapping or negative-bias instability is the name
commonly given to the phenomenon responsible for the negative flatband
or threshold voltage shift observed under negative-bias stressing of
MOS oxides.20 This is a temperature-activated phenomenon and may or
may not be important at room temperature. It is called slow trapping
probably because of its observed time dependence at room temperature
and the fact that trapping is thought to be the only mechanism capable
of explaining this observed behavior.

Figure 4(a) shows the high-frequency capacitance-voltage
(CV) curves before and after negative-bias thermally stimulated current
(TSC) stressing of a (thin-metal) capacitor. Figure 4(b) shows the
resultant TSC emission current as a function of temperature. The curve
labels refer to the sequence of CV and TSC measurements described
below. The measurement sequence was as follows:

(1) Measure H.CV curve.

(2) Bias at -13 V (-2 MV/cm) and heat to 525 K while measuring
the TSC characteristic.

21H. Nakayama, Y. Osada, and M. Shindo, J. Electrochem. Soc. 125(8),

1302 (1978).
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Figure 4. CV and TSC measurements. (a) HFCV curves before and
after negative-bias TSC stressing. (b) Resultant
TSC curves (see text).

(3) Cool down to room temperature under negative bias and
v measure another HFCV curve.

(4) Bias at -13 V and repeat step 2.

. (5) Cool down under negative bias and measure another HFCV
. curve.

& Ion motion is not responsible for the flatband shift
observed, since it is in the wrong direction for negative bias. Con-

ceivably, position ion motion still may be involved if it is accompa-

b nied by a large increase in interface states near the silicon conduc-
‘ tion band as the ions are drawn away by the negative bias. However,

this would assume a sizeable initial ion concentration at the Si/SiO2

e —— s

interface, and no such concentration has been observed. (Recently it

was shown that mobile ions can cause a large density of interface

L e———

L .
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states near the silicon conduction hand.22 However, this was observed

under positive bias stressing.) Under negative bias, hole injection and

trapping might occur as a result of either direct tunneling to traps

from the silicon valence band or of Fowler-Nordheim (FN) Lunneling2

é through the triangular barrier from the silicon valence band with sub-
sequent trapping. Figure 5 illustrates these two possibilities. Direct
hole tunneling appears highly improbable since it would be very bias

| sensitive (no such sensitivity has been observed). Hole trapping by FN

tunneling, on the other hand, would not have the temperature dependence

that we observed. Fowler-Nordheim tunneling without trapping has a

temperature dependence of the form

: _TKT/d
, J(T) « STn nkT/d where kT/d < 1 (8)

L with kT/d ~ % near room temperature.24 Thus, the current density

! should increase monotonically with temperature and rise rapidly near

i 600 K. In the presence of hole traps very close to the silicon inter-
face, this current density would be multiplied by a factor that takes
into account the decreasing probability of capture as traps are filled.
This factor would be <1 and increase monotonically with temperature.
The observed structure in the thermal current can therefore not be
explained by FN hole tunneling with t.apping.

Field emission of electrons from neutral traps appears
to be the most plausible explanation for both the flatband shift and
thermal current observed. Consider the process shown in figure 6.
Under elevated temperatures, electrons are thermally emitted into the
Si0, conduction band. With a high field applied these electrons are

2
rapidly swept out of the oxide, leaving the positively charged centers

behind. In order to explain our data these centers must be located

; throughout the oxide rather than very close to either interface. TIf

E ggM. Schulz and E. Klausmann, J. Phys. D (Appl. Phys.) 18, 169 (1979).
24”' Lenzlinger and E. H. Snow, J. Appl. Phys. 40, 278 (1969).
3 Z. Weinberg, W. Johnson, and M. Lampert, J. Appl. Phys. 52(1), 248

(1976).
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Figure 5. Proposed trapping mechanisms. (a) Direct-hole tunneling
into traps from Si valence band. (b) Fowler-Nordheim
tunneling followed by trapping.

they were all at the Si/Si0O interface, a flatband shift would be
recorded but no current would be observed. On the other hand, if they
were all at the Al/SiO2 interface, a current would be measured but no
flatband shift would be recorded.

This can be shown more quantitatively by referring to
figure 7. If total charge Q0 is left in the oxide having a centroid

i, then the flatband shift resulting from this charge is

TR
i Sl —— " w" .
- .

Coat )
§

L -x QO
AVpp = 17T
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Figure 6.

S Si10;

Temperature-assisted field emission of electrons
from neutral traps near Si9, conduction band.

o
(o)
N

T A I I

o X L
Si Si0, as

Figure 7. Schematic of charge-transport mechanism.
Coordinates are referred to Si interface.
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where Cox is the oxide capacitance. The total charge collected by the

external circuit, however, is given by

X
QC - L QO (10)
since on the average the charge carriers move only a distance x. 1f we
let
Q
c
r = e (11)
LOXAVFB

where r is defined as the ratio of the collected charge to the charge

reflected by the flatband shift AVFB then it can easily be shown that

3

x = I (12)

For the sample shown in figure 4 this means that the electrons are
emitted from the neutral traps having a centrnid about 120 2 from the
Al interface.

The temperature dependence we observed is quite repeat-
able from sample to sample and is somewhat dependent upon bias between
1 and 2 MV/cm. If electrons are thermally emitted from traps, this
peak is then characteristic of the thermal trap depth. The bias-
dependence effect can probably be explained by Frenkel-Poole lowering
of the neutral trap short-range potential barrier.25—27

Some work done with negative corona discharge by Woods
and William528 and Weinberg et “1'24 further supports this argument.
Woods and Williams found that large negative flatband shifts could be

induced in Hg/Si0,/S1 capacitors tormed over areas of Si0O, subjected to

2

a negative corona discharge. They postulated either field emission of

ggJ. G. Simmons, Phys. Rev. 155, 657 (1967).
27P. C. Arnett and N. Klein, J. Appl. Phys. 46, 1400 (1975).
28A. K. Jonscher, Thin Soltid Films 1, 213 (1967).
N. N . Woods and R. Williams, J. Appl. Phys. 47(3), 1082 (1976).
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electrons from neutral traps or FN tunneling of holes {rom the Si with
subsequent trapping. When they tound it impossible to trap photoin-
Jjected holes from the silicon substrate, they ruled out FN tunneling

and the trapping ol holes, concluding that tield emission ot electrons
had to be the mechanism responsible. Weinberg et al. performed negative
corona experiments on Sj()2 grown over a pn junction. With this structure
the sign of the charge carrier in the SiUz can be determined. This group
ot researchers concluded that electrons were the dominant charge
carriers in the SiO2 during negative corona.

The weight of the evidence we have presented, supported
by the above arguments, leads us to conclude that the slow-trapping phe-
nomenon observed in these samples is caused by the field emission of
electrons trom neutral traps located approximately 120 R from the Al/Si02
intertace, with a peak at 450 K. Assuming an altempt-to-escape frequency
of 1011 s-l, we calculate trom cquation (5) an effective trap depth of

1.14 eV below the conduction band ot the 510,

4.2 Mobile lons

Although evidence of the presence of mobile 10ns has been
found in both the wet and dry oxides to difterent degrees, 1t did not
detract from the radiation hardness ot sny ot the hardened samples. In
samples with thin metal the evidence usually pointed to uniform distri-
bution across the area of the capacitor, whereas in the thick-metal
capacitors the distortion had liateral non-unitormities (LNUs).

Figure 8 shows HFCV and TVS curves for a soft wet sample
with a thin Al gate. The two CV curves are the initial curve and the

curve measured after a (:) . (:) . (:) TVS sweep with the cooldown at

+10 V. The TVS curve was measured at 3u0°C. Based on equation (1),

the integrated mobile ion peak corresponds to an average ion concentra-
. - 1 -2 . . , . .

tion of l.83x101 cm ~. This is equivalent to a -0.56 V shift in the

CV curve if all ions are at the Si/Si()2 interface. The measured shift
between the CV curves in figure 8(a) is approximately equal to -0.60 V,
a value in fairly good agreement with theory. Since the CV shift is
nearly parallel and its magnitude in agreement with the TVS measurement

we can conclude that ions are responsible and that they are uniformly
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Figure 8. CV and TVS measurements on sample 06168L. (a)

Initial CV cnrve; (b) CV curve after -

sweep; (c¢) CV curve after B sweep;
(d) TVS curve: o = 0.1 V/s, T = 300°C. Total
mobile~ion concentration NM = 1.8 x 1011 cm’ .

distributed across the capacitor. Following Derbenwick's arguments, we

can assign the large peak at +0.2 V to sodium (Na) and the flat minor

peak to potassium

(). 12




Figure 9 shows the same measurements on a wafer from the
same lot as the one shown in figure 8, but with a thick-metal-capacitor
dot. Here the K peak is considerably larger than betore and there is
evidence ot LNUs in the ion distribution. The initial and final CV
curves are hardly shifted at all over most of their length except in
inversion where the final CV curve has a long "tail."” The integrated
ion current corresponds to a CV shift of 23.2 V tor a uniform distribu-
tion of ions. As this can obviously not be the case, we must conclude
that it the current is due to ions that most of the ions are concen-
trated in a small area of the capacitor. We suspect that this area is
an annular region around the edge of the MOS dot and that the ions came

1n contact with the sample atter the metal definition step, probably
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ClpF}
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+50
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Figure 9. CV and TVS measurements (wafer no. 06168F). (a) CV
curves before and after TVS measurements at 300°C.
Final curve measurced after cooldown at +8 V. (b)
TVS curve at 300°, o = 0.1 V/s. Total mobile-ion
N .
concentration NM = ].OAXIOIL cm 2.




during etching or photoresist removal. Figure 10 shows the same type

of data for a hard-wet sample with thick metal gate. Another possibility
is that the current measured is caused by the slow-trapping instability
described in the previous section. However, this is unlikely because
once these neutral traps are emptied of electrons, a changing bias should
not change their occupancy. In addition, the TSC measurements described
in section 4.1 indicate that the electrons should be emptied during the

heat-up phase of the TVS measurement .
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Figure 10. CV and TVS measurements (wafer no. 06128F). (a) CV
curves before and after TVS measurements at 300°C.
{(b) TVS curves at 300°C, o = 0.1 V/s. Total mobile-
12 -2

ion concentration NM = 1.53x10 cm

Figure 11 shows CV and TVS data for a hard-wet thin-metal
capacitor. The CV plot is on an expanded scale to show the small shifts
more closely. The first TVS curve, starting from +13 V, shows a small Na
mobile ion density of 3.5x1010 cm-z; this would correspond to a 0.11-V
CV shift (b). After cooling down at +13 V and measuring the CV curve
(c), a second TVS plot was made, starting from -13 V (d) and finally

36




et 7
. E

300
04118€ HARD WET
THIN METAL
200
ClpF)
t00
o 1 1 1 1 [ — 4 1 J
20 ts Lo os 0% 1o )
Vg V)
40’. —~{a)
(b)
20
I(pA)
0 1 1 1 | 1 i 1
6 4 -2 [¢] 2 4 6
vg (V)
-20F
-4QL

Figure 11. CV curves and TVS curves for wafer no. 04118E. (a) In-
itial CV curve; (b) first TVS curve starting from +13 V;
{¢) CV curve after first TVS with cooldown at +13 V. (d)
Second TVS plot, starting and finishing at -13 V; (e) CV
plot after second TVS plot; TVS measured at 300°C with
a = 0.1 V/s. Total initial mobile-ion concentration
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N, = 3.5 x 1010 cm T ¢

M E

i

v ending and cooling down at +13 V. The final CV trace is (e). From i
curve (d) the apparent ion density is 1.46x1011 cm-z, corresponding to Ji

a CV shift of 0.45 V. A comparison of the initial CV curve (a) and the

final curve (e) shows a shift no greater than 0.15 V over most of their

lengths, except in inversions. The apparent LNU ion charge and increase
in ion density together suggest that ions were pulled in from the edge
of the capacitor during the bias-temperature stressing of the TVS
measurements. This observation is important since it raises doubts

about the ability of TVS measurements to measure radiation-enhanced

29,30

mobile ions, as Repace has claimed it can. This will be discussed

I

further in section 5.

. ( -
Z)J Repace, [EEE Trans. Nucl. Sci. NS-24(6), 2088 (1977). ' 3§

13OJ. Repace, [EEE Trans. ED-25(4), 492 (1978). f
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Figure 12 shows results of TSC measurements on a sample

containing mobile ions. TSC stressing under positive bias was done

first, followed by negative TSC stressing. The CV curves show that the
instability in this particular sample can be classified as mobile ions.

Several features of the TSC spectra are worth noting. Under positive

TSC a slight peak occurs at 450 K, the same temperature at which occur-

red the slow-trapping phenomenon described in section 4.1. Under nega-

Because of the be-

Ihe

tive TSC stressing, peaks occur at 335 and 530 K.
havior of the CV shift, we must assign these to mobile ions.

temperatures at which these peaks occur are the same as those mcasured
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CV and TSC measurements on soft wet sample no. 00168L

Figure 12.
having mobile ions. Positive TSC stressing at +5.5 V

was followed by CV measurement, negative TSC stressing
at -8.7 V, and the final CV curve as shown.

B = 0.2 K/s.
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sl by Nauta and Hillvn3] i deliberately contaminated samples and lead us
to believe that the peak at 335 K s sodium and that at 530 K is
potassium. |
The complete recovery ot the CV shift under negative TSC !
stressing raises questions about assigning slow trapping to the 450 K !

peak (see section 4.1). These traps might be tied up in some fashion

with the ions in the lattice, and moving the ions around might change
the occupancy and charge state of the slow traps. A reversal in the
order of the TSC stressing gives results that support this hypothesis.

Figure 13 shows these data. An initial negative TSC stress vields the
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Figure 13. (V and TSC measurements on sample from same wafer as
shown in figure 12, Negative [SC stressing at -7.5 V
was followed by CV measurement and then positive TSC
stresssing at #5.1 V. B = 0.2 K/s.

1P. Nauta and M. Hillen, J. Appl. Phys. 449(5), 2962 (1978).
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characteristic peak at 450 K and the negative CV shift that indicates
slow traps. A subsequent positive TSC stress shows a grossly distorted
and negatively shitted CV curve indicative of mobile ions. The mono-
tonic increase in the TSC current may be due to local high-density ion
clusters creating fields large enough to enhance tunneling.

These mobile-ion measurements show that conventiovnal CV
bias-stress testing can make LNU ion densities appear to be small, al-
though in fact, as the TVS measurements prove, they are in some cases
quite large. [In addition, the radiation data in table 3 show that the
apparent high ion deusities do not compromise the hardness ot the
hardened oxides. On the other hand, there does appear Lo be some
interaction between mobile ions and trapped holes, which seems to be
limited to affecting the thermal annealing characteristics ot these

oxides (see section 5).

5. POSTIRRADIATION BEHAVIOR

Both the hard wet and hard dry oxides show similar levels of
radiation hardness, although the thermal annealing characteristics of
the hole traps in wet and dry oxides are quite different. This appears
to be mainly due to the presence of a high density of mobile ions and

a slow-trapping instability in the wet oxide samples.

5.1 Dry Oxides

The TSC measurements on irradiated dry oxides are more
consistent than the wet-oxide measurements, but they are also the least
interesting in terms of the intormation they provide. Figure 14 shows
the CV curves and postirradiation TSC curve for a hardened-dry-oxide
capacitor mounted on a header. This particular sample was irradiated
with 1-MeV electrons to 106 rad under +10 V bias. After irradiation
the bias was held on the sample for 30 min before the negative-bias TSC
measurement was begun. This was not essential, as all samples exhibited
the same TSC response whether they were biased for 30 min or 1 min
after irradiation. The figure shows that the TSC spectrum has no

noticeable structure except near 600 K, where a large increase takes
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place. The area under the curve represents 6.4x10 charges ¢m or an
equivalent AVFB of 1.96 V, referred to the silicon interface. This is
about twice as large as the AVFB measured trom the CV curves, and

probably is in error because of Fowler-Nordheim tunneling current at
higher temperatures. The failure of the CV curve Lo revert to its
preirradiation position up to 600 K indicates that most ot the holes
are trapped quite deep (~1.6 eV above the valence band). The same

type of behavior was seen for soft dry oxides.
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Figure 14. CV and TSC measurements on hardened-dry-oxide capacitor
no. 11088F. B = 0.2 K/s; V. = -13 V.

G
5.2 Hard Wet Oxides

Most hard wet oxides did not have any distinctive struc-
ture under initial negative TSC stress, even though TVS measurements
gave evidence of the presence of a high density of mobile ions (see fig.
10). This indicates that all i 1s are close to the Al interface after
growth. Figure 15 illustrates he behavior representative of most of
the hard wet oxides examined. “‘his particular sample had a thin-metal

gate and was irradiated under +(.5 V with VUV photons for 400 s, a dose
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centration NM = 2.78x101] cm_z.




roughly equivalent to a 2-Mrad dose in terms of the number of hole-
electron pairs generated. The ftollowing sequence of measurements is

important in understanding the results shown in figure 15:

(a) The initial CV curve was measured.
(b) The initial TSC curve was measured at a bias of -13 V with

a temperature sweep of 0.2 K/s. After cooldown at bias

another CV curve was plotted.

(¢) After heating at a bias of -13 V to 573 K (300°C), a TVS
measurement was made sweeping at 0.1 V/s from -13 to 47 V
and back to -13 V again. After cooldown at -13 V another

CV curve was plotted.

(d) The sample was irradiated at +6.5 V for 400 s and allowed
to relax at bias for another 400 s. Another CV curve was

plotted.
(e) A second TSC measurement was made at -13 V bias.

(f) Without cooling down a TVS measurement was made, starting

at -13 V, sweeping to +7 V, and then back to -13 V.

(g) After cooldown at -13 V a final CV measurement was made.

The initial TSC measurement and CV curve (b) show that
the density of mobile ions at the Si interface was negligible and that
no slow trapping occurred. However, the first TVS measurement discloses
a net mobile ion density of 2.78)(1011 cm‘7, indicating pile-up at the
Al interface.

Irradiation and subsequent negative TSC annealing pro-
duced two peaks in the TSC spectrum, one at 335 K and one at 585 K [the

dashed portion of TSC curve (e) was not actually measured on this sample,

but it did appear on others from the same wafer}. These are the peaks
that we have previously assigned to Na and K. At this point it might
be assumed that the irradiation actually liberated Na and K from pre-
viously uncharged states.zg However, the second TVS curve (f) shows

E . that within experimental error the actual mobile-ion density did not '

- increase. In addition, the integrated TSC current yields a collected
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charge of 3.78x1011 charges (:m-2 tor the whole sweep, corresponding to
a €V tlatband shift of 1.16 V. The actual measured flatband CV shitt
between CV curves (d) and (g) 15 1.2 V. This indicates that all of the
collected charge is at the Si interface. We interpret all this to mean
that the peaks on the postirradiation TSC curve (e) are associated with
movement of ionic charge from the Al interface to the Si interface
during irradiation and subsequent novement back under negative TSC.

No new ionic charge is created. Thus, it is possible that these oxides
would be harder if the mobile ions were absent.

TVS measurements »n irradiated soft wet samples also re-
veal similar information about the nature of the trapped holes. Fig-
ure 16 shows TVS curves for a soft wet-oxide canacitor. This was a
thick-metal device mounted on a header. The device was irradiated to
106 rad with 1-MeV electrons, resulting in a AVFB
TVS measurements were made after irradiation by first heating undeyr a
bias of +7 V to 573 K (300°C) until the measured current decayed to <5
pA. The TVS sweep was then started, going from positive to negative
bias, and then back again to positive, at a sweep rate of 0.1 V/s. The
curves labe.ed 1, 2, and 3 refer to the 1st, 2nd, and 3rd sweeps,
respectively. It is evident from these data that charge is being
removed from the oxide each time the TVS sweep is cycled. We believe
these charges to be trapped holes that were not detrapped during the
positive-bias heat-up period. Simple Frenkel-Poole emission from traps
with field-ascisted barriev lowering obviously does not explain these

9
data.zs"'6

The barrier would be at its lowest point at the extremes of
the voltage sweep, not during the middle of the sweep where most of the
charge motion is taking place. The most plausible explanatior is that
the trapped holes are in traps associated with the mobile ions, and
that movement of these ions puts the holes into a more energetically
favorable position to be emitted. This also explain, the TSC "ion
peaks" seen after irradiation, as shown in figure 15. The peaks are

probably not only ions but rather clusters of holes and ions that move

together as the temperature is increased.

of approximately 35 V.
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Figure lo. TVS measurements on a sott wet capacitor irradiated

to ]()b rad. Postirradiation tlatband shift was about
I V. a = 0.1 V/s.

Most of the TSC spectra for other hard wet-oxide samples
resemble the spectrum shown in figure 15, except that the thick-metal
capacitors that were all irradiated with 1-MeV electrons do not have

very pronounced peaks at 335 K. This may be due to the different levels

of Na in the thick- and thin-metal capacitors.

v 5.3 Soft Wet Oxides

The soft wet oxides we -xamined showed two different
types of thermal annealing behavior, . - nding on whether they were
thick- or thin-metal MOS capacitors.

Preirradiation negative TSC measurements on thick-metal
capacitors showed no structure and only a negligible current and flat-
band shift after stressing to 600 K at -13 V. Typical postirradiation
behavior is shown in figure 17 for 1-MeV electron irradiation. In this
figure the capacitor was irradiated to 5000 rad at +10 V bias. Bias

: was held for about 1 min before the sample was placed in the TSC anneal-
ing apparatus and held under a -13 V bias. The resultant TSC curve is
shown in the figure. The characteristic peak at 585 K is present, but

there is no apparent structure at 335 K. Based on the arguments
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Figure 17. CV and TSC measurements on a soft wet oxide after

irradiating to 5x104 rad. Bias during TSC was -13 V.
B = 0.2 K/s.

developed above, the very large peak at 590 K and the lack of any at
335 K would appear to indicate that there was very little Na and a
large amount of K in the oxide. With some ot the thin-metal capacitors
that showed signs of slow trapping, the postirradiation annealing con-
ditions were dramatically different.

Figure 18 shows CV and TSC data from a thin-metal p-type
capacitor. This device was irradiated with VUV without any prior TSC
stressing under a +13 V bias for 16 s. The TSC spectrum under a -13 V
bias was then measured. Three peaks are evident: one at 410 K, one at
450 K, and a small one at 525 K. If a preirradiation TSC curve from
another capacitor from the same wafer is subtracted from that in figure
18, a large peak at 410 K and a minor peak at about 535 K remain. In
addition, the difference in the collected charge from the two TSC meas-
urements is 3.14x1012 cm_z. This is equivalent to a 9.63-V flatband
shift, exactly equal to the measured shift in figure 18. Evidently
nearly all the holes are emitted during the 410 K peak, and the CV
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Figure 18. CV and TSC measurements on a soft wet thin-metal
oxide. Capacitor was exposed to VUV for 16 s.
During TSC measurement, B = 0.2 K/s; V. = =13 V.

G
curve reverts back completely to the original by the end of the sweep
at 623 K.

If the capacitor is subjected to a negative TSC stress
prior to irradiation, the postirradiation annealing is completely dif-
ferent. This is illustrated in figure 19. First, the CV curve and TSC
characteristics were measured. The bias during TSC measurement was
~13 V. Next, the capacitor was irradiated with VUV photons for 16 s
under a +13 V bias. (Note that although the flatbanu shift is greater
in this figure than for the sample in figure 18, VUV intcusity is
greater as well. The ratio of flatband shifts is almost equal to the
ratio of the two photon doses in each case.) After relaxation under a
+13 V bias, the TSC characteristic was again measured under a -13 V
bias. The sample was cooled down and the CV characteristics were meas-

ured again.
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Note that the preirradiation thermal stressing has caused
a remarkable change to take place. The trapped holes have a much higher
thermal activation energy than had those in the sample that was not
negative-bias temperature (B1) stressed. Both the CV shift and the
emission current show that most of the holes are still trapped at 623 K.
This same behavior was observed in several other samples from the same
and other n-type wafers.

For small photon doses the flatband shift is linear with
time and directly proportional to the product of hole trap density NT
and capture cross section Op.lb From the experiment we know that the
product NTOp is nearly the same tor the two areas, even though the
thermal emission characteristics are difterent. Thus, the hole-capture
during irradiation is probably determined by an intermediate state
which is not affected by the "slow trapping” tield-emission centers.

The final state of the trapped hole i1s, however, strongly dependent
upon the occupancy of these tield-emission centers as the data in

tigures 18 and 19 show.

6. ANALYTICAL MEASUREMENTS

For a complete characterization of the mechanism of radia-
tion damage in Si0,, the hole traps and interface state will have to
be identified at the Sj/SiO2 interface with some chemical structure or
species. Considering the density of the charges we are concerned with
one might well argue that this is an impossible task at this time. For
hardened oxides the density of trapped holes is on the order of
2-4x1011 cm_z. Even when it is assumed that all of these are located
in a 100-8-thick region near the Si interface, this is equivalent to a
volume density of only 2-4x1017 cm-3. SIMS is capable of measuring
these low levels for some elements. Ton-scattering spectroscopy (ISS)
and x-ray photoelectron spectroscopy (XPS), given their current limita-
tions, would be unable to detect such low concentrations. The situa-
tion is not hopeless, however. TIf we examine soft oxides we can raise

the trapped-hole concentration by at least one order of magnitude.

Also, since we measure electrically only those states that are charged,
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there is a good chance that the actual density of states, or "disorder"
at the interface, is much higher. The XPS measurements have in tact
shown that there are ditferences between the sott and hardened oxides
tn terms of the intermediate-state density of Si that are well within

the detectability limits of the instruments.

6.1 Impurity Depth Profiles by Secondary-lon Mass

Spectrometry (SIMS)

The technique of secondary-ion mass spectromelry is very
useful for analyzing impurities profiles in solid-state materials. In
its simplest torm SIMS uses an ion beam to sputter a crater in the
sample material and then to mass-analyze the secondary ions emitted off
the material. If the sputter rate is known, the relative elemental con-
centration as a function of depth can be measured. The use of a known
standard for the element under investigation allows absolute calibra-
tion of the intensity profile. RCA Laboratories is fortunate to have
in-house a custom-built scanning SIMS instrument with a high level of
sophistication.32 This instrument possesses high sensitivity, good
depth resolution, good mass spectral purity, high abundance sensitivity,
and a high sputter rate. In addition to all of these characteristics,
which make it superior to commercial machines currently available, it
also has a scanning and secondary-ion imaging capability that permits
one to observe elemental maps of the sample surface in real time as the
sputtering progresses.

Of all the elements in the periodic table, hydrogen (H)
and sodium (Na) are the two cited most often as being responsible for
undesirable behavior in MOS devices.s’33 We have therefore limited our
SIMS analysis of the wet and dry oxides to these two elements.

Measuring H and Na profiles in SiO2 on Si is not an easy
task. Insulating films tend to charge up during ion sputtering, and
this results in erroneous data. For Na the situation is even more

32C. W. Magee, W. 1. Harrington, and R. E. Honig, Rev. Sci. Instrum.
49(4), 477 (1978).
33A. 6. Revesz, J. Electrochem. Soc. 126(1), 122 (1979).
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complicated in that the ion charging of Sj(),‘Z can actually move the Na
through the tilm and leave it piled up at the Sl(JZ/Si interface.

Magee has solved these problems in his anstrument by employing electron-
beam charge-neutralization techoigues and has shown the instrument
capable ot accurately measuring protiles of iton-implanted Na in SiOz.jA
6.1.1 Hydrogen Protiles

Hydrogen has been cited as being responsible tor slow-

trapping itnstabilities, trradiation behavior, dielectric breakdown, and

electron trapping in Si0 Revesz has been the most active supporter

)
ot the hydrogen-ass-contaminant school ot umugm.” He cites infrared
measurements that show hydrogen atoms in thermal 510, at levels of
]()Z()-}()Zl L'm;S {depeading vu processing conditions) and radiotracer
analysis measurements that show 8)(1()]9 (’m_‘s hydrogen atoms in steam-
2rowin ;\iu,).

We have measured hydrogen protiles in wet and dry Si()2
as well as in a hydrogen-implanted standard. The lower limit of detec-
tion ot hydrogen in insulating films is limited by the electron-
stimulated desorption of hydrogen from the sample and system by the
electron charge-neutralization gun. The hydrogen-desorption background
level depends on the conditions prevailing in the chamber for a parti-
cular sample run; in geneval it scales inversely with the SiO2 thickness
being measured. Figure 20 shows a measured hydrogen profile for our
hydrogen standard. This was a 7200-8 Si0, film grown at 1100°C in 100%
pyrogenic steam. The film was then implanted with hyvdrogen having a
peak intensity of I()21 (‘m—}. Iu SIMS analysis of Si02 on Si the 3051
stgnal is larger in the 510, than in the Si due to the oxygen-enhanced
vield of St in SjOZ. This provides an easy signal for detecting the
intertace since the 3081 signal drops signitficantly when the interface
1s reached. The measured profile shows the implanted hydrogen peak
immersed in a hackground level of hydrogen. Scaling the intensities

1

to the H-implant peak (10Z (‘m_j) we see that the flat background

located between the implant and Si/Si0, interface has a density of

34C. W. Magee and W. L. Harrington, Appl. Phys. Lett. 33(2), 193 (1978).
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Figure 206. Hydrogen profile in hydrogen-implanted sample as
measured by SIMS. Cesium was the primary ion beam.

The Si02 £ilm was 7200-8 thick and was grown at

1100°C in 100% pyrogenic steam.

1 = R .
8.5x10 K cm j. This is almost exactly the level measured in stcam

3 ¥

oxides with radiotracer analysis.jj This background is real and not
an artifact of the measurement technique. The fall-oft in the H
signal near the end of the profile is an artifact of the measurement
technique and is caused by the changing efficiency of the neutralizing
beam due to the proximity of the metallic silicon interface. As we
stated above, the absolute lower detection limit is determined by the
electron-stimulated desorption of hydrogen from sample and chamber.
This can be measured by turning off the ion beam, as was done at point
3 (a) in figure 20 (notice the abrupt drop in the Si signal), showing a
hydrogen level of 2.6x1019 cm—3 for the particular operating conditions
used to profile this sample.

Using the hydrogen-implanted sample, we attempted to pro-

file hydrogen in a hard and a soft wet sample (04118C and 03068C) and a
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hard and a soft dry sample (05258D and 05268D) (see fig. 21). Because
these samples were ovnly 650- to 700-8 thick, the charge-neutralization
and sputter-rate conditions were difterent trom those used tor the
standard 1n tigure 20. ‘The primary ion beam was argon rather than the
cesium used betore, but this did not attect the sensitivity at all.

To calibrate the data the standard is profiled under the same conditions
as the unknowns in a region where the absolute hydrogen level is

known. Figure 21 shows these data for the standard. The region being
sputtered is the sloping background near the outer interface shown in
tigure 20. We would expect the intensity measured in ftigure 21 to

correspond to a hydrogen concentration of l.le]UZO cm_j. Figure 22

shows intensity profites for the hard dry sample under these same con-
- , 28, . . e
ditions. Notice the drop-oft in the Si signal at 300 s. This is the

when the ion beam is turned off at 365 s,

S1/S10,, intertace. However,

the hvdrogen signal does not drop at all.  This indicates that the

H- IMPLANTED SAMPLE IN BACKGROUND REGION
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1 Figure 21. Hydrogen-implanted sample profile in same outer
background region as shown in figure 20. The
) primary ion beam was argon.
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Figure 22. Profile of hydrogen, oxygen, and silicon in hardened dry
oxide, sample no. 05258D. The primary ion beam was argon.

level of hydrogen being measured is the background level. Since the
intensity level is the same as in figure 21, this means that for these
particular operating conditions the background level of hydrogen and
therefore the threshold for detection is greater than 1.15x1020 cm-3.

It is clear from the above experiments that we cannot
20 -3

expect to measure hydrogen below levels of 10 cm > in 700-8 8102 films.

However, with a film 7000-8 thick the detection limit drops to 2.6x1019

cm_3, well below the as-grown hydrogen concentration in the steam oxide
shown in figure 20.

In conclusion, these experiments tell us nothing about
the hydrogen concentration in the wet and dry 700-8 8102 films grown for
this study. However, the measurement on the 7200-8 H-implanted steam

oxide shows that the as-grown concentration of hydrogen in this oxide
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is 8.5x10 cm i’ or about 0.2% atomic. This supports Revesz's conten-
tion that hydrogen is one of the most abundant contaminants in SiUZ.
Whether it is the most important one remains to be seen.

b.1.2 Sodium and Potassium Profiles

Normally, trying to measure mobile ions like Na and K
by means ot SIMS is an exercise in futility because the ion-beam charg-
ing ot the oxide drifts the mobile ions to the Si/SiO2 interface. Magee
and H.]rrington34 were able to solve this problem with the RCA SIMS
machine by employing a focused neutralizing electron beam during the
argon sputtering. The results show that this technique is quite
successtul and makes it possible to profile implanted Na that fits the
theoretical profile quite nicely.

We have protiled Na and K in one of our hard wet oxides
as aun iondependent check on the TVS electrical ion measurements. Figure
23 shows the profile of a sodium-implant standard that was used to cali-
brate the unknown samples measured in the same run. As the figure
shows, the sensitivity of this technique is quite good, as it permits
us to measure levels as low as 1016 cm_3. The noise at the lower tail
of the implant is caused by the slow count rate at these levels and
thus is statistical rather than background noise. If the primary ion
beam 1s turned ctf, the count drops to less than one count every 10 s,
at least an order of magnitude below the lowest levels shown in figure
23. Figure 24 shows the Na and K profiles on sample 061281 in an area
covered by a thin Al dot, and figure 25 is the profile on the same
wafer in between dots in a bare oxide region. In both cases the Na and
K are peaked at the outer interface. This may be partly due to the
mutual repulsion of the ions at the high processing temperatures.
However, a surface layer of Na is seen on virtually all samples pro-
filed by SIMS. Again, as we noted above, the noise in the low-level
signal is statistical in nature and not background noise. Therefore,

if we integrate this signal to get the total concentration per square

35
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Figure 25. SIMS profile of sodium and potassium in sample no.
061281 outside of aluminum dot.

centimeter, the accuracy should be quite good. Table 4 lists these
measurements for both profiles with and without the first count or
interface peak being included. The K profile was not integrated, but
one can see from the figures that it is in the same range as the Na.
Note that SIMS measures total Na and K concentration, regardless of
whether it is mobile or bound. These values are in the same range as
those measured by the triangular voltage sweep technique on the icame

g 11

sample (2.1x10 cm_2) and lead us to believe that most of the Na and K

t . is mobile in these oxides.

s
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TABLE 4. SODIUM CONCENTRATION [N HARDENED WET
OXIDE 061281 AS MEASURED BY SIMS

Method of Concentration (§£9@§7£m-2)

measurement Under Al dot Bare oxide

With surface

peak included 3.4x1011 4.6x]01]
Withcut sur- 1 11
face peak 2.6x10 1.7x10

6.2 Measurements of Si/SiO2

lon-Scattering Spectrometry (ISS)

Interface Stoichiometry by

Many of the electrical phenomena observed in MOS devices
originate from charges located at or near the Si/SiO2 interface. Hole
traps and interface states caused by radiation are no exception. Etch-
off measurements have shown hole traps to be within 100 % of the Si

18 o . .
17, The stoichiometry of this interface--its nature and

interface.
its role in the formation of hole traps--has naturally been a subject
of some interest. Harrington et al. have shown that it is possible to
measure this stoichiometry by the use of ion-scattering spectrometry
(1s5).3¢37

for this study to see if any differences exist between hard and soft

We have attempted to do the same for the samples prepared

oxides.
Low-energy ISS is a useful technique for measuring inter-
face stoichiometry because the low-energy ions that are scattered from

the surface in a single atomic collision can be restricted almost en-

36

tirely to the outermost atomic layer. In Harrington's stoichiometry

W. Harrington, "Low Energy Ion Scattering Spectrometry Studies of Si,
SiOZ, and Related Materials,'" NBS Special Publication 400-23, ARPA/

NBS Workshop IV, Washington, DC, Apr. 23-24, 1975.
W. Harrington, R. E. Honig, A. M. Goodman, and R. Williams, Appl.
Phys. Lett. 27(12}, 644 (1975).
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measurements the Si/Si()2 sample is sputtered with AHe ions. The energy
of the scattered He ion is related to the scattering element in a known
relationship.

If the oxygen and silicon 18S signals are plotted as a f
function of time, the oxygen talls off as the interface is approached j
while the silicon, of course, increases. Figure 26, in which the signals
are plotted as a function of oxide thickness for a hard wet oxide, shows i
these data. The interfacial region is taken as that point where the
oxygen signal falls to 95% of its "bulk" value. 'The fact that neither )
signal falls or rises abruptly is not significant. The gradual rise or
tall is caused by the rastered beam uncovering several different atomic
layers as it sputters a shallow crater into the sample. Even though the
signal 1is mechanically and electronically gated, the crater still has a
finite radius of curvature in the region sampled. The important thing
to note is that the silicon signal rises before the oxygen falls, an
indication of excess silicon. Figure 27 shows the same measurement for
a soft wet sample. If the data (solid lines) are interpreted correctly,
this soft wet sample has more excess silicon than the hard wet sample,
possibly an important difference between the two.

Unfortunately, at present we cannot consider this defini-
tive evidence of more excess silicon in soft oxides. As the figures
show, the instrument as it is presently configured produces data with

too much scatter (noise) to enable us to arrive at definite conclusions.

6.3 X-Ray Photoelectron Spectroscopy (XPS) Measurements

Radiation-hardened and soft wet- and dry-grown SiO, on

2
Si samples was measured by XPS analysis to determine if material stoi-

chiometry near the SiOz/Si interface could be related to the degree of

H
radiation sensitivity of these oxides. The hole-trap density is typi- i
cally considerably less than the detectability of our laboratory instru- 14
mentation unless trapped charge resides in a very thin sheet near the
interface. Even if this were not the case, however, it might be ’
possible to detect interface variations that could be related to hole

trapping since, in most oxides, traps are typically filled to only a
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small fraction of their actual concentration.38’39 Therefore, it was
decided to study these samples by the use of standard labLoratory
apparatus.

Two experiments were conducted. In one the stoichiometry
of the Si/SiO2
films by observation of the chemically shifted Si 2p line. In the other,

interface was measured on chemically etched 30-8 SiO2

100-8-thick as-grown films were sputter-etched while the shifted Si 2p
line structure was profiled ac a function of depth.

1f the oxide layer on silicon is very thin, photoelec-
trons emanating from the interfacial region as well as from SiO2 and the
silicon substrate can be detected. For photoelectrons from elemental Si
or from Si in Si02, Si 2p electrons have been shown to have an escape
depth of 23 and 25 X, respectively.ao The presence of the chemically

shifted Si 2p photoelectron lines other than those representing elemental

Si and Si in Si0, was used to determine nonstoichiometries near the

: 40-42 © L .

interface.” Nonstoichiometry at the interface, detected by surface
: . . . . 43,44
analysis, has been shown to give rise to electrical properties. 3

The ftollowing sections summarize experimental results.

;gJ. H. Thomas I1T, J. Appl. Phys. 45, 835 (1974).

V. J. Kapoor, i". J. Feigl, and S. R. Butler, J. Appl. Phys. 48(2),
407}9 {1977).

a]S. [. Raider and R. Flitsch, IBM J. Res. Dev. 22, 294 (1978).

G. Hollinger and Tran Minh Duc, Proc. 7th Int. Conf. Amorphous and
Liquid Semiconductors, Edinburgh, Scotland, June 27-July 1, 1977,
p. 87.

F. J. Grunthaner and J. Maserjian, in The Physics of SiO2 and Its

Interfaces, ed. by S. T. Pantelides (Pergamon Press, New York,
A31978)‘ p. 389.
“J. S. Johannessen, W. E. Spicer, and Y. E. Strausser, J. Appl. Phys.
47, 3028 (1976).
&afhe Physics of Si0,

(Pergamon Press, New York, 1978), see Chapters VI and VII.

42

and Its Interfaces, by S. T. Pantelides
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6.3.1 Experimental Techniques

The x-ray photoelectron spectrometer used in this study
is based on the double-pass cylindrical mirror analyzer (DPCMA) of Phys-
ical Electronic Industries, Inc. The DPCMA is equipped with a coaxially
mounted electron gun for electron excitation. Core-level photoioniza-
tions were performed with a magnesium Ka achromatic x-ray source
operated at 400-W input power at an accelerating potential of 10 kV.
This source provides a flux of NIOIB photons cm.2 at 1253.6 eV (K“] 2)
at the sample surface. Jon cleaning and profiling was accomplished’by
means of a Physical Electronics Industries ion-gun Model 20-045. This
instrument is housed in an ultrahigh-vacuum system equipped with a
high-vacuum load-lock sample injection system. Typically, the base
pressure in the vacuum system is 5-8x10_10 torr. Photoelectrons were
detected with a spiraltron electron multiplier and Princeton Applied
Research Model 1120/1105 amplifier discriminator and rate meter.
Photoelectron statistics were accumulated through the use of an HP
Model 5328A counter (Hewlett-Packard) and an Analog Devices digital-
to-analog power supply; these devices are software-controlled by an HP
1000 minicomputer and IEEE 488 bus interface.45 Data are stored on
disc during acquisition and are manipulated by data processing and
plotting software.

In this study, photoelectron spectra were obtained with
the DPCMA operating in a retarding potential mode. Survey spectra
were obtained at 200-eV pass energy, and high-resolution spectra at
25-eV pass energy. Statistics for high-resolution spectra were obtained
on a 120-point data base for 1.0 s/point and 50 passes (or 50 s/point). 4
High-resolution spectra were deconvolved into Gaussian components after '
appropriate secondary-electron background removal where required.46 At
50 s/point, statistics were marginal on the Si 2p photoelectron line.
Increasing the number of passes, however, decreases the noise by only

the square root of the number of passes.

465. H. McFarlane and J. R. Woolston designed this system.

D. A. Shirley, Phys. Rev. B 5(12), 4709 (1972).

62 g

o

Ry gy}




X

Four kinds of samples were measured: hardened and soft
wet (pyrogenic steam)~-grown and dry-grown oxide films. Growth condi-
tions are described in section 2. These samples were initially grown
to 700 & and some were etched back to 30 8. The 30-8-thick samples were
prepared to allow the interfacial SiOz/Si region to be viewed directly E
by XPS without sputter etching of the material surface. This approach
was feasible because of the finite escape depth of the photoionized
electrons. Thicker (100 X) oxides were used for depth-profiling XPS

measurements.

6.3.2 Results--30-8 Films

Survey spectra were taken on four chemically thinned
samples. A typical spectrum is shown in figure 28. The spectrum shows

oxygen, carbon, and silicon. No sodium was detected within experi-

mental limits (~0.1% detectability). The carbon observed on the surface

is probably due to physically absorbed CO or CO Because of the film

thickness, some of the silicon signal is cominngrom the substrate.

The ratio of Si to O, therefore, is not 1:2, as would be expected in a
stoichiometric oxide.47 Also a trace of nitrogen is observed on each
surface. If it is assumed that the CO (or C02) is not involved in a
chemical bond with the Si and Si0O, surface, the high-resolution spectra

2
R of the Si 2p photoelectron line should give some useful data concerning

..

the interface region.
High-resolution spectra of the silicon 2p and oxygen 1s
. photoelectron lines were obtained for each sample. Typical silicon 2p
and oxygen ls spectra are shown in figure 29, along with the Gaussian
components of the silicon 2p line. The silicon 2p spectrum consists of
two major lines, one at 104.35 and the other at 100.0 eV. With this

instrument, elemental silicon is observed at a binding energy of 99.4

' “73. H. Scofield, J. Electron Spectrosc. 8, 129 (1976).
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Figure 28. XPS survey spectra of a pyrogenic-steam oxide.
eV.48 Thus, all the spectral lines are shifted down by 0.6 eV so that
the low binding-energy component corresponds to that for elemental
silicon. The oxygen ls line is observed to be a single peak at 533.2
eV (referred to the 99.4-eV Si 2p elemental line) having a full width
at half maximum (FWHM) of 1.8 eV. These data were not fitted to a

Gaussian curve. The high binding-energy line is due to Si in SiOz.L'O

This is in good agreement with the results of other investigators.40-42

The FWHM of the Gaussian curves fitted to the main lines (103.8 and
99.4 eV) are 1.8 and 1.35 eV, respectively. The poor fit of the Gaussian
to the 99.4 eV is due to the presence of the unresolved spin doublet
No attempt was made to deconvolve the doublet since the DPCMA

2P1/2,3/2°
is not capable of providing sufficient resolution. The slight background

48J. H. Thomas III1 and A. M. Goodman, "AES and XPS Studies of Semi-

Insulating Polycrystalline Silicon (SIPOS) Layers," J. Electrochem.
Soc. 126(10), 1766-70 (1979).
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slope 1s an artifact and is due to the presence of a noise fluctuation

at the low binding-energy side of the spectrum. The FWHM of the 103.8-eV

line (1.8 eV) is in good agreement with the data of other invvstigators.éo i
A third Gaussian component at 101.1 eV is required to ?
: fit the silicon data of figure 29. In other studies, a line due te
’ SiUx has been observed in the general vicinity of 101 eV (see, for ex-
f ample, Raider and Fletsrhao and Grunthaner and MasorJianaz). This
] component is observed in titting the data of the four samples with
t varying amplitudes. These data are summarized in table 5. The ampli-
; tudes of the Gaussian components are observed to vary from sample to
sample. The major lines at 103.8 and 99.4 eV change amplitnde because
of a variation in film thickness. [n fact, the film thickuess can be
roughly calculated from the known escape depth for silicon 2p e¢lec-

trons. Using a simple model in which the photoelectron line area is

. 49
given by
-x/xO
dl =N o KFe dx (13)
where T = intensity, N = atom concentration, O = photoionization cross
section, K = spectrometer constant, I' = spectrometer transmission, and

R is the inelastic mean-free-path (IMPF) for photoelectrons, we can

calculate the thickness of a film Qf on silicon from the ratio of bound

to unbound silicon.ao The intensity of silicon in Si0, is given by

2

1si") = N(siT) o (81) K F x (8i) (1 - exp (-2,/x (8i")] (14)

DLl

and the intensity of silicon from the substrate attenuated by the SiO,

“

film of thickness, £, is given by

1(Si%) = N($i®) o (Si) K F xO(SiO) exp (-Qf/XO(SiO) (15)

a—
AJC. J. Powell, "Recent Pgogress in Quantification of Surface Analysis 1

Techniques™ Appl. Surface Sci. 4492 (1980).




- TABLE 5. A COMPARISON OF CHEMICALLY THINNED HARDENED AND SOFT
SiO2 ON SILICON GROWN BY WET AND DRY OXIDATION

" o Equivalent ?Ol-eV state Carbgn concen-
Sample [(Si )/1(S1) 2/xO concentration (at. %) tration (at. %) J
Hard-Wet 1.438 1.451 15.2 22.6
Soft-Wet 1.839 1.645 7.8 22.0
Hard-Dry 1.025 1.203 12.9 28.0
Soft-Dry 0.695 0.947 8.8 26.0

It the escape depth (IMPF) of electrons in Si0, is assumed to be equal
to that of elemental Si, then the ratio I(Si+)/I(SiO) can be obtained
trom equations (14) and (15). Solving this ratio of £, the oxide

thickness, yields the following:

.0 .
RN T T oo
%o N(Si ) 1(Si%)

3.40 Sample

where N(Sio)/N(Si+) = 2.273 and X is assumed to be ~25
thickness is summarized in table 5.

As noted above, a third Gaussian component required to
adequately fit the silicon 2p spectra is observed. The amplitude of
this component does not appear to be associated with the observed sur-
face carbon contamination; that is, carbon makes up about 22-29% of the
surface concentration from the survey spectra. Therefore, it has been
assumed that this peak arises from the immediate interface region. For
purposes of analysis it will be assumed that the intermediate state
associated with the 101-eV line will be located in the plane of the

interface. To compute the "surface concentration" associated with

this line, the attenuation due to the oxide thickness must be taken

into account. This is simply done by considering escape depth.

Rewriting equation (13) in one dimension,

e e}

-X/X
dI_ =N 6 (x-2) oKFe © dx (17)
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where X, and 0 are values ot elemental silicon. Integrating this ex-

pression, the intermediate state intensity is given by

-Q/x0

I. =N aKFx e (18)
D s 0

where ID(w) = NS K F X, is the intensity of the unattenuated line. By
use of the known JZ/x0 ratio from table 5, the corrected Gaussian com-

ponent intensity is obtained. These data are summarized in table 5.

6.3.3 Results--100-8 Films

XPS sputter profiling was performed on 100-8 radiation-
hardened and soft wet oxides to attempt to study the stoichiometry at
the SiOZ-Si interface. Profiling was performed at a rate of 1.84 nm/min
by means of 1 keV argon ions (at leo_5 torr argon pressure). Data were
obtained in a step-by-step fashion by sputtering and then evacuating
the vacuum system after sputtering. Immediately after sputtering, con-
taminants in the vacuum system may absorb on the freshly formed silicon
surface. This can cause an apparent increase in the density of

43,48

intermediate states in the Si 2p spectrum. By determining the

normalized area of the Gaussian components of the silicon 2p line, a

depth profile was obtained for bound silicon in SiO (Si+), elemental

silicon (Sio), and intermediate oxides (SiI). Thesi data are plotted

in figure 30 as a function of sputter time in minutes. Equation (16)

and the known SiO2 sputter rate of 1.84 nm/min were used to calculate
the thickness of the hardened and soft oxides, 86 and 99 R, respectively.
The 10-90% uncorrected interface width was 78 R for both samples. This
does not include the effect of the difference in the ratio of the
sputter rates (1.34) in SiO2 and Si,SO This width is larger than the
one normally observed at the SiOz/Si interface by Auger electron

spectroscopy, indicating that the sputter spot is not large enough or

' SOJ. .. Vossen and E. B. Davidson, J. Electrochem. Soc. 119, 1708 (1972).
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uniform enough at the DPCMA focus in the XPS mode. The total contribu-

tion of the intermediate states is also shown. The Gaussian component

1s typically at 100.6 and 101.7 eV. Bond concentration seems to peak
near the SiOz/Si interface to about 249% in each sample.

Table 6 summarizes the binding energies of the Gaussian
components for each sample for Si% at 99.4 eV. As reported by Grunthaner
and Maserjian,42 the binding energy of the Si+ peak shifts toward that

N

of 5i®. The intermediate states (Sil) occur at (1) AEB = 2.4 eV and (2)

AEB ¥ 1.2 eV. It is known that sputtering may introduce states that
are not normally observed on unsputtered samples. Therefore, it is
believed that part of this bond concentration is caused by sputtering
and subsequent additional oxidation due to vacuum exposure during
pumpdown from the sputtering pressure. Qualitatively, however, the
intermediate-state density appears somewhat larger in the hardened than
in the soft oxide (28 and 22 %, respectively; see fig. 30). Further
studies are required to clarify the observed difference. One should

also include in this analysis the effect of escape depth and damage

range at each point in the sputter depth profile.

TABLE 6. BINDING ENERGIES OF THE GAUSSIAN COMPONENTS FITTED
TO THE SILICON 2p PHOTOELECTRON LINE AS A FUNCTION
OF SPUTTER TIME FOR HARDENED AND SOFT WET OXIDES

Shift in binding energy* (eV)

Soft oxide Hardened oxide
. Time
(min) _ Si' sil (1) si' @ st o sit ) sit @

y 0 4.5(1.8) - - 4.4(1.7) - -

2 4.5(2.1)  2.35(2.0) - 4.5(2.3) - -

4 4.4(2.2) 2.3(2.47) 1.2(2.47) 4.05(2.3) - 1.35(2.4)

6 4.05(2.3) 2.15(2.3) 1.15(2.3) 3.85(2.3) 2.35(2.3) 1.15(2.3)

8 3.83(2.3) - 1.2(2.3) - 2.65(2.3) 0.95(2.3)

1

“FWHM given in parentheses; S = intermediate-state silicon. i




6.3.4 Conclusions

XPS measurements of chemically thinned oxides and
sputter-profiled oxides show measurable differences in the interfacial
nonstoichiometric silicon 2p photoionization lines. These intermediate
lines are shifted by 2.4 and 1.2 eV from the elemental silicon line at
99.4 eV in the sputter depth-profiled samples. Chemically thinned
oxides show an intermediate state shifted by 1.7 eV, that is, midway
between the chemical shifts of the sputtered films. On using Raider
and Flitsch's expression relating the chemical state of the silicon with
the observed chemical shift in the silicon 2p lineao (that is, in SiOx),
one obtains AEB = 2.2x where x = 0.77 for AEB = 1.7 eV, and x = 1.1 and
0.55 for AEB = 2.4 and 1.2 eV, respectively. The actual difference be-
tween AEB (chemical etch) and AEB (sputter) is due to ion-damage ef-
fects that are presently not well understood.

The concentrations of the intermediate state in both
experiments show that the hardened oxide has a state density a few per-
cent larger than that of the soft oxide. Because of the poor experi-
mental control of the samples studied (e.g., air exposure after etching),

it is not clear if the difference (~1%) between the soft oxides is

significant. However, it is interesting to note that electrical meas-
urements show the difference between the hole-trap density of the
hardened and the soft oxides to be significantly larger in the wet than
in the dry oxides. The intermediate-state-density ratio (hard/soft) is
. larger for the wet than for the dry oxide (1.95 vs 1.46, respectively).

These electrically unidentified states may act as compensation for the

-

. observed hole traps even though they are observed at (surface) con-
centrations of ~10%. If these states are dispersed in the interface b
region, much lower bulk densities can be expected. If the states are
electrically active, it is unlikely that more than a few percent of the
measured state density will be involved in trapping or compensation.38’39

This study has shown that XPS can be used to reveal core

correlations between radiation hardness and processing. Further studies,
based on more sophisticated experimental procedures should be initiated

to clarify and more fully characterize the results of this first study
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in which standard XPS facilities were employed. In addition, a detailed
study ot Auger electron spectroscopy for sputter-depth-protfiled hardened
and soft oxides may also lead to a greater understanding of the effect

of processing on radiation hardness.

7. SUMMARY

Dry- and wet(pyrogenic steam)-grown thermal oxide silicon
wafers have been oxidized for several investigations concerning the
radiation hardness of thermal SiO2 MOS J(evices. These oxides were
grown under conditions known to produce state-of-the-art hardened
oxides as well as very soft oxides. The purpose of this investigation

was to try to characterize the various oxides electrically and chemi-

cally to see if a better understanding of the basic mechanisms respons-

ible for hole trapping in 8102 could be obtained.
* Electrical measurements consisted of high-frequency and quasi-
static capacitance voltage (CV), triangular voltage sweep (TVS), and
thermally stimulated current (TSC) measurements. Hole traps were
filled either by 1-MeV electron irradiation or 10.2-eV vacuum ultra-
violet (VUV) irradiation.
Preirradiation TVS measurements at 300°C showed that these

oxides contain mobile ions with densities ranging from 3.5x1010 cm-Z to

about 1.5x1012 cm-z. Although we have shown what appears to be mobile-

ion movement under VUV irradiation, there is no correlation between the

radiation hardness of soft and hardened oxides and their measured mobile-

~ ion concentrations. In fact, hardened dry-oxide wafer 06128L had the
highest mobile-ion concentration. In addition, in some of the thick-
metal capacitors the ions are evidently distributed in a laterally non-
uniform manner because the CV curve after stressing has a long shifted
"tail" and is hardly shifted at all along the rest of the curve. TVS
measurements show peaks that are believed to indicate the presence of Na
and K. TSC measurements also show two peaks after an initial positive-
\ bias stress to the capacitor. The location of these peaks at 335 and
535 K corresponds to the location of peak: previously measured in delib-

erately contaminated samples containing Na and K, respectively.
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On some thin-metal wet-oxide capacitors a preirradiation slow-
trapping instability was observed. TVS and TSC measurements have led
us to conclude that the slow trapping is due to the field emission of
electrons from neutral traps, not hole injection. This may be caused
by water vapor or organic vapors from the plastic boxes used to store
the capacitor wafers.

The thermal-annealing measurements of irradiated MOS capac-
itors gave varied, but quite interesting, results. Dry-oxide TSC spectra
show a gradual increase from 300 to 600 K with no pronounced structure.
One exception was a thin-metal capacitor that showed a postirradiation
TSC peak at 335 K. Wet oxides exhibit two distinct tvpes of behavior,
depending on whether preirradiation thermal behavior is dominated by
slow trapping or mobile ions. Those wet-oxide capacitor wafers whose
behavior before irradiation is mostly mobile-ion dominated show post-
irradiation TSC spectra with distinct peaks at 335 and 585 K, the peaks
previously identified as representing Na and K. TVS measurements before
and after irradiation show no increase in mobile-ion density. We con-
clude, therefore, that the irradiation and/or hole flux has moved mobile
ions from the Al to the Si interface. Additional TVS measurements also
indicate that holes are probably trapped near ions and that detrapping
occurs when the ions start to move from one interface to the other. The
presence of large densities of ions may distort the local field and
could explain the apparent release of holes in a manner resembling that
in which mobile ions are released during TSC and TVS measurements.

Those wet-oxide wafers with capacitors having slow-trapping-
dominated preirradiation behavior show quite different results. Pre-
and postirradiation TSC spectra from identical capacitors from the same
wafer show that the holes are trapped very shallow in energy with a
probable TSC spectrum for the holes peaked around 410 K. However, if a
capacitor has been negatively stressed by TSC before irradiation, the
postirradiation thermally stimulated current is very small until near
600 K, and then begins to peak. The incomplete relaxation of the CV
shift also indicated that the hole traps are only partially emptied.
Although the emptying of the neutral electron traps by negative TSC

stressing radically changed the thermal-annealing behavior of trapped
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holes, it apparently did not affect the radiation hardness. We believe
that hole trapping in these oxides proceeds through an intermediate
state (which is not affected by the field emission center) to a final
state whose energy depends upon the occupancy of the field emission
center.

In attempts to obtain analytical measurements for these oxides
we used ion-scattering spectroscopy (ISS), x-ray photoelectron spectro-
scopy (XPS), and secondary-ion mass spectrometry (SIMS).

Measurements of the interfacial stoichiometry were made with
both 1SS and XPS. 1SS results show a slightly wider "excess silicon"
region for the soft wet than for the hardened wet oxide. However, the
data contain a large amount of scatter and thus might be interpreted dif-
ferently than was done in figures 26 and 27. XPS measurements show the
presence of interfacial nonstoichiometric silicon in all oxide types.
This intermediate-state density is larger in the hardened than in the
soft oxides. These states may act as a type of compensation for the
disorder that is probably associated with hole traps.

SIMS analysis of the SiO2 film shows that the technique is
capable of measuring both sodium and hydrogen at fairly low levels. The
Na measurements confirm TVS electrical measurements with respect to the
density of mobile ions measured. Measurements of hydrogen show that a
1100°C steam oxide sample contains a background of hydrogen at a concen-
tration of 8x1019 cm-3. This suggests that hydrogen may play a greater

role in electrical phenomena in SiO2 than was thought at one time.
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ATLANT A, GA 33732
0lCY ATTIN REC £ SEC CCASN FIR H DENNY
(UNCLASS INLY)

GO0DYEAR AEROSPACFE CCFP.
ARIIONA OIVISI N
LITCHFIFLN PARK, A7 85340
01CY ATTN SECUPITY FOATRCL STATION

CENERAL CYNAMICS [ORP,

FORT WORTH DIVISION

P CRIX T46R, GRANTS LuNE

FIRT wWNPTH, TX 74101
0lCY AYTN F £71:21NS
QIfY ATTN 1} WwnON

CFNFPRAL S ECTPIC N,
SPACE RIVISINN
VALLEY FIRGE SPACE CENTER
P Y RNy acge
pHILNEL OHL s, o8 19191
OLCY  ATTN J ANDREWS
O1LY ATTN @ ~p%EY
SICY ATIN J PENLN

GENEFAL FLECI®TIC (0,
RE-EMTRY F fHNVIPCNMENTAL SYSTEMS DIV
PN BAX 7722
3ILS8 CHESTNLT STHEET
PHILADELPHIA, PA 19101
D1CY AYTIN W PATTERSCA
QICY  ATIN TEORMICAL L IRRIPY
01CY ATTIN = SENCQRICT
Ol1CY ATTN J PALTHEFSKY JF
Q1CY ATTN F CASEY

GENERAL ELECTRIC CN.

CRONANCE SYSTEMS

109 PLASTICS AVINUF

PITTISFIELD, Ma 317201
01CY ATTN J REICL

GRUMMAN AFRNSPACE CCRP,
S NYSTER 3AY ROAC
_BETHPAGE, NY 11714
01CY ATTN J rneRc

_GTE SYLVANIA, INC.
ELECTRONICS SYSTEMS GRI-EASTELN DIV
77 A STREEY
NEEDHAM, MA 02194

01CY ATTN L RLAISHFLL
O1CY ATTIN C THIENKFILL
_ 01CY ATTN L PAUPLES

GTE SYLVANIA, INF,
189 B STPEET
NEEDHAM HEIGHTS, MA )2174

01l1Cy ATTN H ULLMAN

Q1CY ATTN J WALCRCN
Q1Y ATTN P FREDRICKSCN
JICY ATTN H £ VvV GFOUP

FARRIS CNRP.,
HARRIS SEMICINDUCTNAR DIVISION
P 0 BOX 883
MELROURNE, FL 32601

JICY ATTN ¢ ANDERSCN

01CY ATTN J CCRNEL!

01€CY ATTN T SEN[CERS

HONFYWELL, INC,

AVICNICS DIVISINN

2600 RTDGEWAY PAFPKWAY

MINNEAPOLTIS, MN 55412
QLCY ATTN R GUMM

HONEYWEL L, INC,

AVIONICS NIVISTINN

P O BOX 11562

ST PETEFSAURG, FL 33733
OLCY ATTN C CERULLT
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HONEYWELL, INC.
RAQIAT{ON CENTER

2 FORBES ROAD
LEXINGTCN, MA 02173

JICY ATYN TECENICAL L IBFARY

HURKHES ATRCRAFT (1,

CENTINELA AND T:ALF

CULVEPRP CITY, CA 63230
0lCY AJTN R M(GIWEN
01CY ATTN J SINTLFTARY

HUGHES ATRCRAFT (D,

EL SFOGUNDN SITE

P N RNX 92919

LS ANGELES, €A SLULCS
GICY  ATTN B SMITH
Jiry ATTN 0 SHUMAKE
J1CY  AYIN w ST T

1»3\4 t VQ("_
RoTE L7C
w50 NY
Jicy
otcy
0y

13827

ATTN T MARTIN

ATTN F TIETSE
ATTN H MATHERS

11T FESEARCH INSTITUTE

19 w 35TH STREET

CHICAKC, 1L 60616
GICY  ATTN T MINDEL

INSTITUTE FOR DEFENSE ANALYSES
400 APMY-NAVY CRIVE
ARLINGTON, VA 22207

QL1CY  ATIN YECE TNFC SERVICFS

INTEL CORP,

3365 AMMERPS AVFNLE

MATL STrP 1-156

SAMITA CLARA, CA
o7y

a50%1
ATTN M JOPTAN

INTEFNATIOINAL BMSINESS MACHINE CNORP,

THCMAS WATSON FESEARCH CENTER
RAY 218

YORNTOWN HETGHTS, NY
ATTN J ZIEGLE®

10578

21CY

INTERNATICNAL TEL £ TELECTAPK CORP.
500 WASHINGTON AViNUE
NUTLEY, NJ 07110

J1CY ATTN DEPT 6CR -
VICY ATTN A PICHARDCCN
INTFRSIL INC.

3260 SCOTT RAUL FVARC
SANTA CLARA, CA 95051
OICY ATTN O MACCCNALD

IRT CNRP,
P O 80X 81387

SAN DIECN, CA 92138

T 01CY  ATTIN J HARRITY

JAYCOR
1401 CAPIND DEL MaP
DEL MAR, CA 92)14

(DESIRES CNLY CNE COPY)

JICY ATTN L SCOTT
01CY ATTN R STaWL
01CY ATTN T FLANAGEN

JOHAS HPAPKINS tINIVFRSITY
APPLIED PHYSICS L£B
JOHNS HOPK NS eaaf
LAURFL, MD 20810
01CY ATTN P PARTRIDGE

KAMAN SCIERCES CORP,
S 0 BRIX T463
- CCLCRADC SPRINGS, CC 80933

OICY "AYTN M RELL
Q1CY ATIN J LUAELL

"LAWRENCE LIVERMORE UARC®ATARY
P 0 ANX 8OR
LIVERMIRE, CA 94550
01CY ATTN DCC CON FNR TECHNICAL
INFORMAT ICN DEPT.

LITTON SYSTEMS, INC.
GUICANCE € CCNTRCL SYSTEMS DIVISION
5500 CANOGA AVENUE T
WOODLAND HILLS, €& 9136%

01CY ATTN G MADROX
01CY ATTN J RETZLEP

LOCKHEED MISSILES & sPace Cn,, "NC.
3251 HANGCVER STPEFT
PALO ALTN, CA 94304

01CY ATTIN J fPOWLEY

OICY ATTN J SMITH
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LACKHEED MESSTLY< £ SPACF CCey INC,

P O RNX S04
SUNNYVALE, CA 94086

01CY ATTM ¢ MESSEF

QLCY ATTIN 7 THOMESON

01CY ATTN P BENT

01CY ATIN M SmyTH

Ol1CY ATTN f SMITH

01CY ATIN © PHILLIPS/OPT €2-46 PLDG 151

LIS ALAMDS SCIFNTICIC | £BORATIRY
MATL STATIAN $)40
P ANX 1e63
LS BLAMNAS, NN p7R4S
QlCY AYTIN COC AON FAP ) FRELD

M,l.T. LENCOULN Lap

P 1 AAY T3

LEXINGTON, MA 32173
Q1Y ATTM P M(KENZIE

MAGNAVOX GOVY £ IMPLS £V ECTRINICS (0,
1313 PRONIICTIUN PNAC
ENLT WAYNE, IN 468)8

QLY BATTM W CJCHESON

MARTIN MARIETTA COFF,

PN OANX 5837

ORL ANNT, €L 12assg
QLY  ATTN W JANIC KN
OlCy ATIN W SRICKETT
QLCY ATTN R ~“AVYNTE
DICY ATTN o 7ATES

WAHTIN MAR[FTTa (Nrc,

P RNY (77

CENVER, 7 83271
1Y  AYTN E TAETER

UEATYNELL DOUYRLAS C0ORP,

O " ANX 51¢

ST LiulS, ™1 631s¢
qiry ATTIN L 13kpDY
O1F Y  ATTN ™ STIT(H
JLFY  ATIN D e

#COCNNELL NCURLAS rCrp,

5301 AL & AVFNUF

VUNTINATON afAru, (8 92647
ULrY  ATTMN J MCLYOREM
JICY ATTN n cf(T2afep !

MCRANNELL DCUGLAS € OPP,
3856 LAKEWOOID POUL FVAF L
LONG REACH, Ca QQFR 4
ULCY ATTN TEOENICAL LIBRARY

MISSINN RTSEASCH CNKP,
P N DRAWEN T19
SANTA BAKBARA, (A 92102
(ALL CLASS: ATIN: <20 JEC F0OR)
O1CY ATIN C LOCNGMIRE

MISSION RESEARCH FIRP,
EM SYSTEM LPPLICATICNS DIVISICN
"1400 SAN MATEN RlvD, Sf, Sup i
ALBUCHEFGUE, MM 87108

Jgl1CyY ATTN Rk PFASE

MISSIIN RESEARCH (IkP.-SAN N[ERC
P 0 BNX 1209
LA JCLLE, TA 92938
(VICTIR & J VAN LINT)
01CY ATTN Vv VAN [ INT
JICY ATTN J FAYMCAD

MITrE COFPe,
P 0} ROX 2yR
BENFNRM, Ma 01732
JICY ATTN M FITZICEFMLE

MOTARNLA, INC,
CAVERNMENT £LECTRINICS DIVESION
F N RIX 1417
SCOTTSOALE, A7 R50E2
01CY ATTN A CrETSTENSEN

MATPENLA, TN,

SEMICINOUATCR ARCue

PN oA 2131513

PHEENTIX, A7 9683p¢?
01LY ATTN L f{aRK
JICY ATTIN P SADNNER

NATIONBL ACB(EMY F SCUIENCTC
NATIONAL MATFRTAIS ADVISCTY @ARC
2101 CONSTITUTI N AVENUE, NwW
WESHINGTON, NF 2H4)s T

O1CY ATTN © Spawg

NATTUNAL SEMICIOINLUCTOE Crhp,
2900 SEMIr{NDUrTre CRIVS
SANTA CLARS, Ca 650%5)

01CY ATTN A LONDCN

D1CY  ATTIN & wWANG
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PCPARTMENT OF DFFUNSE CONTPACT NS

NFW MEXTCO, UNIVIRSITY OF

ELECIRICAL ENGINFFRIAG & COMPUTER SCIINCE DERT

AL AUCYEFQUE, AM  aT7]23} i
vicy ATTN H SCUTKHWe D

NORTHRNP CNFO,
NCRTHRIP RESFRRUCE £
1 RESEARCH PASK
PALNS VERDES PENINSUL/ &

TEOHNILAGCY (TR

CL SC274

V1CY ATTN 4 SrynP
JICY ATTN P EISEARHFS
OlCY ATYN T JACKSCN

NOR THROP ORP.
ELECTROMIC NIVISION
2331 W 12)TH STrEET
HAWTHORNE, CA 7325,
OlCY ATTN L 2pP5740¢

PHYC!I{S INTFRNATIONAL £,
2700 MERCED STREFT

SAN LEANDPA, 7A 94577
JICY ATTIN NIVISICN AQQJ
Q1Y ATIN J HINTINCYON
OlfyY ATTN J “h-8

R & [ ASSOCIATES

P O RMX 9K95

MARTNA NEL REY, (2
OlCY ATTN R OCLL
Q1CY ATTN C MACDCONALD
01CY ATTN § rGFes

9291

QAND (IR,

1700 MAIN STREFT

SANTA MNANTCA, CA 9040¢
JIFY ATTYN C CCalIN

RAYTHEON (N,

HARTWELL FCAD

REDFORD, M8 Q173C
UlCY ATTYN J CICCID

RAYTHEON CO.
528 RNSTON POST RNED
SUNRURY, MA OLT77¢
J1CY ATTN & VAN POFEN
OlCY ATTN b ELifCHE"

87

RCA LNRP, '

GOVEF NMERT SYSTFMS Civ]I0Y

ASTHO ELECTRONICS

P N BOX RuQ0, LNIFLST (ORNER

EAST WINPSCR TOWRTHIP

PRINCETON, NJ URRGQ
O1CY ATTN 6 BRICKER
01CY ATTN V MANCIANL

(UNCL UNLYY

RCA CNRP.
GOVERNMENT SYSTEMS CIVISINK
MISSILE & SUPFACE RACLF
MARNE HIGHWAY £ EC-TCN LANCTIAG RE
MOORESTIWN, NJ DRIST

OLfY ATTN R KINIICH

RCA (NRp,
CAMDEN CCMPLEY
FXGNT & CNOPER STRFETS
CAMDEN, NJ 28212
JICY ATTN E VAN MoUR™N
01CY ATTN J SAULTZ

FCA CORP,
SNMERVILLF PLANT,
P O BNXx 591
SCMFRVILLE, NJ JF37¢&
DICY ATTN w £LLFN

SPLIC SYeTE Clv

RENSSFLAER POLYTECHAIC
P N ANX 965
TRNOY, NY 12181

O1CY ATTN © GUTVYANN

INSTITUTE

(UNCLAS ONLY)

RESEARCH TRIANALE
PN RIX 12194

RESEARCF TRIBNALE PARK, NC 277)9
T 7 7 (ALl COPRFS ATTN: SFEC AREICE)
ATTN ¥ S IMTNS R

INSTITLTS

glcy

CICKWELL TINTERNATICNAY

P N AX 3105

ANAHEIM, CA 92903
QICY  ATTN v NE MAFRT AL
OLCY ATTN v TP AMAN
017Y ATYN G “{STENCT
Q1CY  ATTIN 4 RELL
vifY ATTN T Kt

crae,
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DEPARTMENT OF DEFFNST CCNTRACTORS

ROCKWELL INTERNATIONAL (CRP.
SPACE DIVISION

12214 SOUTH LAKT WOND RNULEVARD
OOWNEY, CA 90241

01CY ATTN D STEVENS

RACKWELL INTERNATIGNAL CCRP,
815 LAPHAM STRFET
EL SEGUNDN, CA S0245

01CY ATTN TIC BAQR

01CY ATTN T YATES

SANDERS ASSNCIATES, INC.
95 CANAL STREFT
NASHUA, NH 0395)

01CY ATTN L ARCPEUR

SANDIA NATIONAL LARCRATORIES
P 0 BAX 5R00
ALBUQUERQUE, N™ 8T185
{ATTN MATL SEPVICES SeCTION FOR
INT ENDED RECIP [ENT
OLCY ATTN ONC CCN FNR F CCPPAGE
01CY ATTN pOf CCN FOR W NAWES
Q1LY ATTN DFC CON FOR R GREGORY
N
J

01CY ATTN DNC CCN FOR ) RAPA

BAPNUM
01CY ATTN DCC CON FOR J HCON

SCIENCE APPLICATICNS, INC.
P 0 BOX 2351

LA JOLLA, CA 92028

01CY ATTN v VERBINSKI
01CY ATTN D LCNG

01CY ATTIN v OPHAN

01CY ATTN J NARER

SCTIENCE APFLICATINMS, INC,
A400 WESTPARK CRIVE
MCLEAN, VA 22191

01CY AYTN W CHACSEY

SCIENTE APP{ICATYIONS, TNC,” 77
P 0 BNX 1454
CALARANC SPRINGS, €O “8C6IT

01CY ATTN N STRIBLING

SINGER (N,

1150 MCBRIDE AVENUE

LITTLE FALLS, NY 07424
VICY ATTN J ARINKMAN

SINGER €N, T 1
CATA SYSTEMS
150 TOTCwWa ROAN
WAYNE, NJ Q7470
01CY ATTN P SPIECEL

SPERRY RAND CORP.
SPERRY MICROWAVE ELECTRCNICS
P O ROX 4648
CLEARWATER, FL 3351¢@
QLCY ATTN FNGINEFRINS LABCRATCRY

SPERRY RAND CCROD,

SPERRY DIVISINN

MARCUS AVFNUE

GREAT NECK, NY 1i0720
VICY ATTN F SCAFAVAGL INNE
01CY ATTN P MARAFFIND

_01CY ATTN C SRAIC
QlCY ATTN R VIALA

SPERRY RAND CORP.
SPERRY FLIGHT SYSTFHMS
PO BROX 21110
PHOENT X, A7 85036
0lCY ATTN D SCHNMW

SPERRY UNTVAC

UNIVAC PARK

P 0 BOX 3525

ST PAUL, MN 551¢5S
01CY ATTN J INDA

SPIRE CORP,
P O BNX D
BEDFURD, Ma_ 0173y

01CY ATTIN F LITTLE

SRI_INTFRNATIINAL

333 RAVENSWOOE AVENUE

MENLO PARK, CA 9402%
OICY ATTIN P DCLAN
01CY ATTN P GASTEN

JICY ATYN A WHITSON
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CEPAITMENT (F NEF NSE CONTRACY RS

SYSTRON-DCNNFR CCRP,
1G990 SAN MIGUFL R714D
CCNCORD, (A 94518

OICY ATTN J IND'LICATP

TELEDYNE RYAN AFRONAUTICAL

2701 HARBOR (RIVE

SAN DIEGR, CA 9213%
J1CY ATTIN J SAWLINGS

TEXAS INSTRUMENTS, INC.
PO BOX 225474
DALLAS, TX 75265
(UNCLASSIFIED TC P C 30X 6015)
Q1CY ATTN A PELETIEFR
21CY  AYTN K STEHLIN

TEXAS INSTRUMENTS, INC.

P O BNX 226015

oALLAS, TX 7536&
Q1CY ATIN F PCBLENZ

Tow DEFENSE & SPACE SYS CROUP
ONE SPACE PARK
REDONDN PEACH, CA 90278

0l1CY ATTN A& PAVELKC

NLICY ATTN A WITTELES
OlCY ATTN H HOLLOWALY
01CY AYTIN N ACANMS

QLCY ATTN R KINGSLAND
01CY ATTN P nUILFCYLF

TRW DEFENSE & SPACE SYS GRNUP
P 0O B80OX 1310
SAN BFRNARDINA, Ca  $24)2
~ 01CY ATTN R KITTER
01CY ATIN £ FAY
01CY ATTN M GUEMAR
01CY ATTN ATTN w wWILLIS

TRW SYSTEMS ANP ENERCY
P O BNY 368
CLFERFIFLD, UT B64DLS
01CY ATTN i SPEMAR
JICY ATTN 8 GILILLAND

TpALLAS, TX 715265

VAUGHT (CFP,
f N BOX 225907

(FORMFRLY LTv AERNSPACE CORPORATION)

01CY ATIN R TNMME
0lCy ATYN LIBRARY
OlCY ATTN TrreNICAL PAT2 CENTER

WESTINGHNUSE FLECTRIC CN.
AFRQSPACE € FLFCTRONIC SYSTFMS DIv
P N BOX 1693
BALTIMDRE-WASHINGTAN [ATL ATRPCRT
RALTIMORE, MD 21203

01CY ATTN | MCPHERSCN

WESTINGHNUSE FLECTRIC CcOPP,
DEFENSE AND ELECTRTONIC SYSTEMS CTR
P N BAX 1693 oot T T
BALTIMCRE-WASHINCTON INTL AIRPIRT
BALTIMORE, MD 21203

01CY ATTN C CPICKI

01CY ATTN W KALEPACZ
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